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1. INTRODUCTION

Although a voluminous literature exists concerning the study of coal char-gas
reaction systems, the understanding of the actual mechanisms and the roles of heat
and mass transport in the overall conversion process, are still far from complete.
One difficulty in determining intrinsic reaction mechanisms in many previous
studies can be at least partially attributed to the use of ''steady-state' condi-
tions. The results of such experiments can be explained equally well by a few
plausible models which all yield roughly the same overall gasification rate. Dis-
crimination among candidate models is difficult under these conditions, and there
is no guarantee that the model finally selected actually reflects the true mech-
anism over a wide range of operating conditions. Also, ''steady-state" rate measure-
ments reveal relatively little concerning the detailed sequence of elementary steps
that constitutes the intrinsic reaction mechanism.

In addition to difficulties in model discrimination, the types of laboratory
reactors which have been used in coal gasification kinetic studies may have also
contributed to data interpretation problems that are well known for heterogeneous
catalytic systems [e.g., see (1-3)].

The primary objective of the current work is to overcome most of these problems
in order to develop a fundamental description of the reaction mechanisms of the
heterogeneous coal char-gas reactions using an experimental system and techniques
which allow the elementary steps to be better identified. More specifically, the
approach involves the application of a ''gradientless' reactor system coupled with
a supersonic, modulated molecular beam mass spectrometer, and transient response
techniques to char gasification kinetic studies. The transient behavior of a reac-
tion system as it proceeds from one steady-state to another upon perturbation of
system state variables exhibits characteristics reflective of the nature of the de-
tailed kinetic mechanism. Furthermore, in addition to transient data, the usual
steady-state results are available as well. Thus the transient response method is
employed as an aid in model discrimination, mechanism determination, and, ultimate-
ly, parameter estimation.

The use of an internal recycle, "gradientless' reactor serves a dual purpose:
(1) it simplifies the mathematical analysis of the transient data due to the result-
ant lumped parameter description of the transient response; and (2) it significantly
reduces the influence of interphase mass and heat transport gradients. The princi-
pal advantages of this type of reactor over other common reactor types have been
well documented in the literature [e.g., see (3-11)].

Finally, in order to obtain the transient data, the reactor must be coupled to
a responsive analytical technique which allows continuous measurement of the trans-
ient product concentrations. Mass spectrometry is one such technique compatible
with the transient response method. On-line mass spectrometry has been employed by
several researchers in studies of the devolatilization of coal under vacuum condi-
tions (12-14). Rapid sampling while operating at the high pressures relevant to the
present study can be accomplished by allowing the product gases after pressure let-
down to expand through a sonic orifice as a supersonic, adiabatic free jet into a
differentially-pumped vacuum system. The rapid expansion into the vacuum
"freezes' the relative compositions of the product gases when the sampled gas at-
tains molecular flow. By skimming the core of the jet, a molecular beam can be
formed. The resultant beam is further modulated to discriminate between the in-
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stantaneous behavior of the beam species and the same species in the background
ot the mass spectrometer vacuum envelope (15,16).

The adaptation of these techniques to the current purpose is set forth-below.
The char-carbon dioxide reaction system is used to illustrate the efficacy of the
approach. Other char-gas reaction systems and related studies are being pursued
in a similar manner.

2. EXPERIMENTAL

2.1. System Description

A schematic of the experimental apparatus developed for the current transient
kinetic studies is presented in Figure 1. Essentially, it consists of: (a) a
continuous gas flow, fixed solids, 'gradientless' (Berty-type) reactor; (b) an
automatic switching gas addition valve network for generating concentration per-
turbations under conditions of constant flowrate, temperature, and pressure; and
(c) a supersonic, modulated, molecular beam mass spectrometer for measuring the
transient behavior of the concentrations of the product gases.

A typical experimental run might proceed in the following manner. Steady-
state is first established with inert gas (e.g., argon) flowing through the reac-
tor (maintained at the desired temperature and pressure), and with reactant gas
(e.g., carbon dioxide) flowing through the purge line. At time zero, the inert
gas is instantaneously replaced by the reactant gas now flowing through the reac-
tor, and the reaction is thereby initiated. The switching is done in such a manner
as to insure the same volumetric flowrate through the reactor, in spite of the
change in gas species. This results in a well-defined step function increase of
the reactant to the reactor. The transient response of the reaction system to
this perturbation is then monitored with the beam sampling system at the reactor
exit.

The experimental system has been designed to operate at conditions relevant to
commercial coal gasification conditions (e.g., up to 500 psi at 1400 F, and even
higher pressures at lower temperatures, as determined primarily by the manufactur-
er's specifications for the reactor). Also, the reactor space time (the ratio of
the reactor gas phase volume to the volumetric flowrate) can be varied over the
range 0.01 - 1.0 min.

The preceeding, necessarily brief description is intended to convey only a
general overview of the apparatus and its mode of operation. For a thorough dis-
cussion of the important and interesting details of the development of the appa-
ratus, and the adaptation of transient kinetic techniques to char gasification,
see reference (17).

2.2. System Performance

Reactor mixing performance curves were obtained by imposing step changes in
the reactor feed from argon to carbon dioxide at constant volumetric flowrate,
pressure, and temperature, and recording the resultant transient response. Due to
considerable adsorption of test gases by the char, nonporous 3 mm glass beads were
used in the basket for these studies. The resultant data were all clearly expo-
nential, in accordance with well-mixed reactor behavior, and the corresponding time
constants were close to expected values. The total gas mixing volume deduced from
these experiments was found to be 241.4 cm3, which is quite reasonable in view of
the fact that the total internal reactor volume is 275 cm3, of which approximately
30 cm3 is presumed to be dead volume located beneath the impeller.

In order to assess the relative influence of interphase heat and mass transfer
on intrinsic chemical kinetic rates, the reactor internal recycle ratio, R, and
superficial velocity, vy, through the char bed were determined by measuring the
pressure drop across the char bed in the same manner as described by Berty (18);
i.e., R=A vo/q, where A is the cross-sectional area of the basket (20.27 cmz)
and q is the volumetric flowrate at reactor conditions. For typical experimental
conditions with space time v = 15 s, free gas volume Vg = 220 cm® (V, = 241.4 cmd
- W/pg, where W is the weight of dry char in the basket, pg is the s6lid density
and 241.4 cmd is the total free gas volume in the reactor from the glass beads
experiments), and impeller speed of 2800 RPM, the superficial gas velocity deter-
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mined from our calibration is v, = 13.72 cm/s (0.45 ft/s). With a flowrate of
q = 14.67 cm3/s the recirculation ratio is R = 19, which is sufficient to guaran-
tee good mixing and gradientless operation.

The influence of interphase mass transfer limitation on measured kinetics for
a particular set of experimental conditions can be assessed from the Damkohler num-
ber, Da = kjCg (1-8)/kpa,/RT), which is the ratio of the reaction rate, (as repre-
sented by the ﬁinetic rate constant for the oxygen-exchange reaction; see below), and
the effective interphase mass transfer coefficient for CO, which can be estimated
from the j-factor for interphase mass transfer, jD (e.g., see (19),p.395). For the
experimental conditions used in the current work, it was found that 1 x 10~%<Da< 9 x
10~%. Since Da<<l, the reaction is definitely not limited by interphase mass trans-
port. The relative importance of intraphase diffusion is considered in the Discussion.

The interphase heat transfer limitation can also be evaluated from the Damkohler
number by making use of the Chilton-Colburn analogy between mass and heat transfer in
packed beds (e.g., see (19), p. 396). For typical reaction conditions, assuming a
heat of reaction of +41.23 kcal/g mol for the overall CO; - char gasification reac-
tion, the estimated temperature difference between the_surface of the char, Tg, and
the bulk fluid, Ty, is § x 10-6 < (Tp-Tg)/Tp < 4 x 107°, Thus, for a high opera-
ting temperature like 972 K, (Tp - Tg) can be as large as 4°C. Actual temperature
differences between the solid and gas in the char bed are expected to be less than
this due to radiation. Therefore, it can be conservatively stated that the inter-
phase heat transfer limitation is not significant in the current studies.

Based upon the preceeding performance data and numerical estiamtes, the par-
ticle size of the activated coconut (Fischer) char selected for the experiments re-
ported on here was > 14 mesh. With an average particle diameter of about 1.6 mm,
the resultant superficial velocity through the char bed at maximum impeller RPM
should effectively eliminate interphase heat and mass transfer gradients, and pro-
vide a relatively high internal recycle ratio for space times in the range of 12 to
20s, that were found to be optimum for the current experiments.

3. " KINETIC MODELING

The general treatment of transient kinetic models is outlined by Bennett (20)
and Cutlip et al. (21). In essence, the transient mass balances for the species
in the reaction system yield a set of differential equations which defines the
model for the particular mechanism assumed. Integration of this system of equa-
tions results in the transient curves of the various species, which can then be
used for parameter sensitivity studies, and also for parameter estimation by com-
parison with corresponding experimental data.

In order to illustrate this approach, consider the simple two-step mechanism:
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which is imbedded in all known CO, gasification kinetic mechanisms, and was found
to adequately represent the data in the current work.

If Cgys Co, X, 8, and P, represent, respectively, the active site concentra-
tdonin g mol/g mol C, the initial total g mol of carbon, the fractional conversion,
the fractional surface coverage of the complex, and the partial pressure of spe-

cies i in the gas phase, the following rate expressions result for the preceeding
mechanism:

T = Csoco(l'x)[kl(l'e)PCOZ] 1)
r, = Csoco(l'x)[kze] 2)
Assuming a gradientless reactor, a mass balance on each species yields:
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where & = VP (due to the increase in gas volume upon reaction)
g COZE
Pt = total system pressure, atm
co.= partial pressure of CO; in the feed (also total pressure of

2f reactor if feed is pure COZ), atm

T = Vg/q; reactor space time evaluated at reactor conditions, min
Vg = reactor gas phase volume, cm3
q = volumetric flowrate at reactor conditions, cms/min
T = reaction temperature, K
R = universal gas constant, atm.cmS/K.g mol
The units for the rate parameters are k, = [min_latm_l] and k, = [min_l].
The initial conditions for a pure CO, feed at time t = O are:
:cozj§c0=e=x=° 5
AT t

Equations 1 through 8 constitute the model for the reaction system with dependent
variables PCOZ’ CCO’ PAr’ 6, and x, and parameters CSO, kl’ and kZ‘

From simulated CO transient response results, it was found that the active
site concentration, cso’ has a pronounced effect on the production of CO, but the
shape of the transient curve remains relatively unchanged. However, the shape and
position in time of the "overshoot'" of the CO responses for both mechanisms are
quite sensitive to the kinetic rate parameters k; and k,. The effects of k; and
k, are qualitatively illustrated in Figure 2. It is noted that the "overshoot" is
due to large values of kj, while the ''leveling-off'" is associated with large ko
values.

Once the raw data (i.e., transient curves of the modulated signals for m/e =
44 and 28) are corrected to yield the net CO production curve due to reaction
(from the fragmentation coefficient measured for CO,), and then converted to CO
partial pressure data (from the relative sensitivity measured for CO and CO,), the
next step is to determine a best parameter set for the proposed mechanism. “This
is done by minimizing the least squares objective function,

2 n N ~ 2
$ = kzl 151 U Oyi -y 277sd 9)
(where the subscript ik represents the ith variable at time k, with:
i = 1i,...,n; the number of variables used in the
optimization process,
k i,..., ; the time intervals
Yik = experimental point (partial pressure data),
yik = predicted value from the model,
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using a Marquardt-type technique (22), coupled with a Green's function method (23)
to determine the necessary first order sensitivity coefficient matrix, S = 3y/3g.
In essence, the parameter estimation procedure consists of solving the « Yo
equations resulting from minimizing the objective function, Equation 9, based on
local linearization of the model about the initial guess parameter set, B . This
solution yields the vector of parameter changes, Ab;, which in turn give?othe next
best estimate of the parameter set to minimize ¢. %his procedure is repeated until
the objective function meets an acceptable preset tolerance. In the current work
only one variable, Pqqy, was used in the optimization of the objective function for
parameter estimation ?rom the experimental transient data. This was done because
this variable is the most sensitive to the particular model used, while PCO2 and
PAr are less so.
4. RESULTS
The CO transient responses for the cxperimental runs conducted with two par-
ticle sizes of activated coconut (Fischer) char are presented in Figures 3 and 4.
In these figures, the characteristic '"overshoot'" of the oxygen-exchange reaction,
R1, as well as the '"leveling-off" of the transient curves due to the carbon gasi-
fication reaction, R2, are clearly evident. As predicted by transient response
simulations, smaller space times result in a sharper ''overshoot" and a lower
quasi-steady-state level of CO at longer times. Higher temperatures favor greater
CO production but the *overshoot" becomes progressively less sharp.

The inhibition effect of pressure on gasification is not clearly evident in
these figures, but becomes more so upon analysis of the quasi-steady-state gasi-
fication rate attained after "leveling-off" of the transient curves.

From the stoichiometry of the overall reaction:

—
C + CO2 -~ 2 CO R3)
For continuous pure CO2 gas feed, the "steady-state' gasification rate is given by
w - zLodc 1 dfco] _ FCOss . ost 10)
ss dt 2C dt ZCO(l—x)RT ZCORT

for negligibly small carbon conversion (i.e., x = 0).

Equation 10 can be rearranged to
PCO2
P sS 1
co

[ |

co 2C RT

2 _ l o

W ss q

The (Pcq /PCO)ss in this expression can be evaluated from the quasi-steady-state
values 2 obtained at the end of the transient period. A plot of the right-hand
side of Equation 1l versus Pcq at constant temperature is presented in Figure 5.
The observed linear dependence”SS of the gasification rate on CO, partial press-
ure suggests a ''steady-state' rate expression of the form:

PCO PCO
e 12)
sS Iy Ja
or y JlPCOZ
sS 13)

1+ (jl/jz)Pcoz

Equation 13 is the same steady-state rate form observed by Ergun (24), with

i1 = kC and j, = k,C and clearly shows the inhibiting effect of pressure on

the gasi%?cation rate.
Several models were fit to the transient data: the Blackwood and Ingeme model

(25), seven parameters; the Shaw model (26), five parameters; the Mentser and

Ergun mechanism (27), five parameters; the Ergun mechanism (24), four parameters;

and the two-step mechanism found appropriate in the current work (three parameters).

Due to the low levels of CO present in the reactor under the current experimental

So”’

10



— e ——————

R r——

—6-

conditions, only the latter model fits the data accurately since the others all
have CO reaction paths which are superfluous for our data.

The resultant parameter values for the two-step mechanism exhibited distinct
Arrhenius temperature dependence. Numerical fits of all the data as a function
of temperature yielded the following expressions:

k= 6.13 x 101! exp ' lééﬁggg min"lagm ! 14)
and k2 =9.98 x 109 exp l :ﬂiiggg min_l 15)

Also, for the first time in the same experiment, the concentration of active car-
bon sites expressed as g mol/g mol C, was determined for the coconut char to be:

-9 27,000
C = . et A Al 16
so 1.70 x 10 7 exp RT )
This indicates that the active site concentration has a negative "activation
energy''. In other words, at higher temperatures, initially active sites become
deactivated; viz.,
C. —~ C. R4)
. 1. .
active inactive

This deactivation phenomenon agrees with some of the findings of Duval (28) and
Blackwood et al. (29), which are discussed further below.

It is of interest to compare the values of the activation energies obtained in
the present study for the two steps, Rl and R2, with corresponding values reported
in the literature. Table I summarizes the results of previous investigators.

It is evident that the apparent activation energy for the two common kinetic

steps varies cons1derably from one study to another; with E| ranging from -27 to
+76 kcal/g mol and Ez from -17 to +93 kcal/g mol. This variation can be at least
partially attributed to differences in experimental data analysis techniques, as
well as the particular reaction mechanism assumed.It should also be noted that in
all these studies, the rate parameters are reported as the product of the active
site concentration , Cgp, and the intrinsic rate constant, k. Hence, the apparent
activation energies also reflect any variation of Cg, with temperature. In other
words, the difference in the types of char and experimental conditions can account
for the wide range of activation energies evident in Table I. As indicated by
Johnson (30), C so 1S expected to decrease with increasing coal rank. In fact, this
general trend is substantiated in the case of k,Cg, by the large activation ener-
gies observed for the high purity carbon (e.g., Ceylon graphite, Spheron 6 carbon,
activated carbon, and graphite) used by Ergun (24) and Mentser and Ergun (27),
vis-a-vis the much smaller temperature coefficients found for coconut char by
Gadsby et al. (31), Long and Sykes (32), and also in the current work.

Differences in activation energies can also be attributed to presumably catal-
ytic impurities in the char. This effect is especially pronounced (for kyCgy) in
the work of Long and Sykes (32) with coconut char where E2 changed from 38 to 66
kcal/g mol upon removal of mineral impurities with hydrochloric and hydrofluoric
acids.

On the other hand, Mentser and Ergun (27) argued that the constant activation
energies obtained in their work with different forms of high purity carbon were
due to a constant number of active sites, C sq» independent of temperature, and
thus reflected the true activation energies %or the reaction steps. This hypothe-
sis is not at all unreasonable since Cy, should not decrease indefinitely with
coal rank, but rather the active site concentration should attain some constant
asymptotic value for the high purity carbons. If the activation energies reported
by Mentser and Ergun are the "true" temperature cocfficients for Rl and R2 (with
Ey = 53.0 kcal/g mol and E; = 58.0 kcal/g mol), then their results agree reasonably
well with the intrinsic activation energies found in the current work (E; = 55.5
kcal/g mol and E, = 44.8 kcal/g mol).

11
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Other differences in El' and E,' are probably numerical in origin. For in-
stance, Golovinma (33) fitted several simplified forms of the same gasification
rate expression to data (i.e., due to possible changes in mechanism at various
conditions), and reported different E' values for three different regimes of
pressure and temperature. However, the negative activation energies obtained are
indicative of improper analysis of kinetic data. In addition, the fact that the {
same rate form can give rise to different apparent activation energies in differ-
ent temperature regimes but over the same pressure range (see Table I , as
reported by Golovina, also argues against the inherent validity of the proposed
rate expression and the reaction rate - controlling zone claimed by the investi-
gator.

The effect of intraphase mass transport resistance on the rate constants is
now addressed. First, there was no discernible difference in the gasification 1
rate behavior of the 1.6 mm and 2.68 mm coconut char particles. Also, the result-
ant mode! parameters for the two-step mechanism exhibit essentially the same temp-
erature dependence for both particle sizes. However, chars generally exhibit a
polymodal pore size distribution with most of the internal surface area available
in pores of molecular dimensions (super micropores) (34). Thus, even though the
insensitivity to particle size indicates no bulk diffusional limitation (i.e., in
the macropores), if diffusion in the micropores were the limiting resistance to
char gasification, particle size would not necessarily have any effect; i.e.,
the characteristic size of the microporous material in both particle sizes is
similar. In addition, micropore diffusion is known to be activated (35). Thus if
its rate is comparable to the kinetic rate, or rate-controlling, its activation
energy would be included in the overall apparent activation energy.

The diffusion parameter (diffusion time constant) of CO in the micropores of
WYODAK 35 x 60 char at 800°C is given by Debelak and Mal1to (36) as D/r2 = 1.68
min-! for fresh char (i.e., x = 0). The coconut char gasification rate at 800°C
and 1 atm in pure €0, af given by Equation 13 with the rate parameters reported
here, is 1.16 x 10‘3m1n Thus, if the microporous structure of the WYODAK and
coconut chars are at all similar, the observed gasification rate is too small by
three orders-of-magnitude to be micropore diffusion-controlled. Even at the
highest possible constant asymptotic gasification rate (i.e., at high pressure) of
4.02 x 10 3min-! at 800°C, the reaction is still definitely reaction rate-controll-
ed.

Based on these observations, it is concluded that the activation energies for
the parameters k) and k; found in the present study are intrinsic and in agree-
ment with the general trend reported in the literature.

The negative ''activation energy" exhibited by the active site concentration
is consistent with the results of Duval (28), who presented strong evidence that
active sites on a graphitic lattice disappear spontaneously with reaction temper-
ature by a process termed thermal 'healing" or "annealing'". Thus, in effect,
active sites are subjected to two modes of depletion: reaction with a gas phase
molecule and thermal neutralization. Boulangier (37) also noted the same effect
in carbon - CO; and carbon-steam systems. A similar trend was reported by Black-
wood et al. (29) and Johnson (30) in studies of the effects of coal-char prepara-
tion temperatures. Blackwood et al. (29) correlated their results for hydrogen
gasification rate constants in terms of k = k* exp (E,/RT.) exp(-E,/RT,), where

Tg and T, are the gasification and char preparation temperatures, Tespéctively.

For brown coal chars gasified in hydrogen at 25 atm with T these workers
found E = 20 kcal/g mol. It is noted that there is a dlrect aﬁalogy between
T, = T, in these char reactivity studies and conditions in the current work where-

b; the coconut char was held at the reaction temperature in an argon atmosphere for
relatively long periods of time prior to imposing the concentration step change

to reactant CO,. Thus, the temperature dependence of CSo found by Blackwood et al.
(29) agrees we%l with that found by Duval (28) and in the present study. Black-
wood et al. (29) proposed that the decreasing reactivity with increasing temper-
ature is due to rearrangement of the carbon structure into a more stable ring

12
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lattice, thereby reducing the availability of free m electrons for the formation
of complexes at edges, and stabilizing previously unstabilized bonds.
6. CONCLUDING REMARKS

The efficacy of applying the experimental apparatus and transient response
techniques to heterogeneous char-gas reactions has been successfully demonstrated
for CO, gasification. This approach promises to be a valuable tool for determin-
ing mechanisms and rate parameters for direct use in modeling, design, and analy-
sis of new or existing gasification and related systems. A similar approach is
being taken in studying gasification reactions with other gases and mixtures.

ACKNOWLEDGEMENT

The authors gratefully acknowledge the support of the U. S. Department of
Energy under Grant Nos. DE-FG22-80PC30211 and DE-FG22-81PC40786. However, any
opinions, findings, conclusions, or recommendations expressed herein are those of
the authors and do not necessarily reflect the views of DOE.

REFERENCES

(1) Carberry, J. J., Ind. Eng. Chem. 56, 39 (1964).

(2) Bennett, C. 0., Cutlip, M. B., and Yang, C. C., Chem. Eng. Sci. 27, 2255 (1972).

(3) Mahoney, J. A., J. Catal. 32, 247 (1974).

(4) Kobayashi, H., and KobayasFT, M., Catal. Rev.-Sci. Eng. 10, 138 (1974).

(S) Bennett, C. 0., Ibid. 13, 121 (1976).

(6) Yang, C. C., Cutlip, M. B., and Bennett, C. 0., in Catalysis, Hightower,
J. W., Ed., vol. 1, Proceedings of the Fifth International Symposium Congress
on Catalysis, p. 14-279, Miami, Fla. (1972).

(7) Berty, J. M., Preprint No. 41F, 70th Annual Meeting of AIChE, New York, N. Y.,
Nov. 13-17, 1977.

(8) Tajbl, D. G., Simons, J. B., and Carberry, J. J., Ind. Eng. Chem. Fund. 5,
171 (1966). -

(9) Paspek, S. C., Varma, A., and Carberry, J. J., Chem. Eng. Edn. 14, 78 (1980).

(10) Halladay, J. B., and Mrazek, R. V., J. Catal. 28, 221 (1973).

(11) Brown, C. E., and Bennett, C. 0., AIChE J. 16, 817 (1970).

(12) Joy, W. K., Ladner, W. R., and Pritchard, E., Fuel 49, 26 (1970).

(13) Juntgen, H., and van Heek, K. H., Ibid. 47, 102 (1968).

(14) Meyer, R. T., and Lynch, A. W., High Temp. Sci. 4, 283 (1972).

(15) Fenn, J. B., and Anderson, J. B., Fourth International Symposium on Rarified
Gas Dynamics, Section 8, p. 311, Toronto (1964).

(16) Calo, J. M., and Bailey, A. D., Rev. Sci. Instrum. 45, 1325 (1974).

(L7) Sy, 0., "fransient Kinetic Studies of Char-Gas Reactions in a Gradientless
Reactor: C0; Gasification,'" Masters Dissertation, Princcton University, May 1982,

(18) Berty, J. M., Chem. Eng. Progr. 70, 78 (1974).

(19) Smith, J. M., Chemical Engineering Kinetics, McGraw Hill, N. Y. (1981).

(20) Bennétt, C. O., AIChE J. 13, 890 (1967).

(21) Cutlip, M. , Yang, C. C., and Bennett, C. 0., Ibid. 18, 1073 (1972).

(22) Marquardt, D. W., J. Soc. Ind. Appl. Math. 11, 431 (1963).

(23) Krametr, M. , J. M. Calo, and H. Rabitz, Appl. Math Model. 5, 432 (1981).

(24) Ergun, S., Phys. Chem. 60, 480 (1956).

(25) Blackwood, D., and Ingeme, A. J., Aust. J. Chem. 13, 134 (1960).

(26) Shaw, J. T., Fuel 56, 134 (1977).

(27) Mentse}, M., and Ergun, S., U. S. Bur. Mines Bull. 644 (1973).

(28) Duval, X., J. Chim. Phys. 47, 339 (1950).

(29) Blackwood, J. D., McCarthy, D. J., and Cullis, B. D., Aust. J. Chem. 20,
1561, 2525 (1967). .

(30) Johnson, J. L., Kinetics of Coal Gasification, Wiley, N. Y. (1979).

(31) Gadsby, J., Long, F. J., Sleightholm, P., and Sykes, K. W., Ibid. A193, 357
(1948) .

(32) Long, F. J., and Sykes, K. W., J. Chim. Phys. 47, 362 (1950).

Ca>Ow

13




(33)
(34)
(35)
(36)

(37)

_9-

ovi . S., Carbon 18, 197 (1980).
ggrll\,)vl%lr.l?’Ngndi, S. P., and Walker, P. L., Jr., Fuel 51, 272 (1972).
Walker, P. L., Jr., Fuel 59, 809 (1980).
Debelak, K. and Malito, J.T., "Effective Diffusivity in Coals as a Function
of Conversion,' presented at the 56th Colloid and Surface Science Symposium,
Blacksburg, VA, June, 1982.
Boulangier, F., Duval, X., and Letort, M., Proceedings of the Third Confer-
ence on Carbon, p. 257, Permagon Press, N. Y. (1959).

Comparison of Kinetic parsBeters fron Different nvestigators
Reference Carbon T(°C) Platm) K(Ceo * Ayoxp(-E" 7RT) KCop * Apexp (~E'/RT)
Trpe & (min-Tata T} E' (keal/gmol) A RIRTTT BT (keal/gnol)
[ Y] cocomt char 700-830 0.0t - 1 7.6 x 10° 8.8 2.4 2 10° 28.7
. Gy coconut char 700-800 0.07 - 0.2 7.6 x 10° 8.8 5.6 x 10° 38.0
with {mpurities extracted 3.8 x 1010 68.4 2.3 x 10% 66.0
3. (24) activated carbon  (a) 700-1000 1 - - 5.5 x 10° 59.0
activated carbon  (b) 900-1150 1 - - 8.28 x 107 59.0
ceylon graphite (c) 1000-1400 1 - - 155 x 107 9.0
4. (29)  cocomt char 790-870 240 2.7 x 10! 78.0 tas x 1082 760
5. () Spheron & 750-850 1 1.5¢ x 10° s3.0 s.asx 107 580
6. (30) high volotile bitumin-  870-980 1-35 3.56 x 10° .4 sazx10'? 5.0
ous coal char (Pittsburgh scam) N
1. By graphite 1380-1530 1 €7 x 10 5.0 - -
" 3-10 7 x 108 75.0 3.5 18.0
Note: " 2-40 472 10° 75.0 1.9 x 10 56.5
1730-1927 1 sax 107t -27.0 - -
A }—zl—’ " 3-10 3.8 %107 -27.0 67.2 245
co’nin ata . 20-40 3.8 ¢ 107 -21.0 017 -3.0
Ao | —4— 2030-2330 1 9.5 x 102 40.0 - -
camin " 3-10 9.5 x 107 40.0 rax0 e
- " 20-40 9.5 x 10% 0.0 3.0 12.5
8. (38) susmary of various chars - - - 32.5 to 61.7 - 1.9
9. Present activated coconut 680-770 8-30 1.0 x 10S 28.5 17.0 17.9
work

D) wemst o}

Figure 1. Schematic of the experimental apparatus for
transient kinetic studies.
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REACTION OF HIGH VELOCITY ATOMIC OXYGEN WITH GRAPHITE

G. S. Arnold, R. R. Herm, and D. R. Peplinski

Chemistry and Physics Laboratory,
The Aerospace Corporation
El Segundo CA, 90245

Atmospheric bombardment of a spacecraft in low Earth orbit (LEO) presents a
regime of gas-surface chemistry which has been the subject of very little laboratory
investigation. The predominant atmospheric species in LEO (200-800 km) is ground
state, neugral atomic oxygen (1). Although the ambient temperature is not extremely
high (~ 10° K), the 8 km sec” ' orbital velocity of the spacecraft causes oxygen atoms
to strike the satellite's surfaces with an average collision energy of 5 x 10° kJ
mole™ ! (~ 5 eV). At the alti.ude at which the space shuttle operates (~ 240 km) the
flux of atomic oxygen striki.f surfaces normal to the craft's velocity vector is of
the order of 8 x 10 4 cm~ sec—l.(l) The phenomenology of oxygen atom-surface
interactions at such a collision energy is completely unstudied in the laboratory.
The lack of experimentation in this area owes not to any assumption that such
chemistry 1is fundamentally vuninteresting, but rather reflects the difficulties
inherent in reproducing in the laboratory the 8 km sec” © impact velocity.

The details of oxygen utom surface interactions at orbital velocity are of
particular interest for the prediction of the integrated effects of long-term
exposure of materials to the LEO atmosphere. The unique opportunity which the
shuttle orbiter provides to recover a variety of materials from LEO has highlighted
the need for such an understanding. Organic polymers, including polyimides,
polyesters, and polyurethanes, have been observed to erode at significant rates
(2). A silver surface 2100A thick was completely oxidized (3). Osmium and graphite
surfaces exposed to the atmosphere were completely removed (3,4).

The reaction of atomic oxygen with graphite:
1 -1
C_+0 » CO 8H® = - 360 kJ mole (1)
c g g
is well known and so initially one does not find the removal of graphite surfaces by
atmospheric oxygen to be particularly surprising (5). The rate at which graphite was
removed was, however, quite unexpected. On the third shuttle flight (STS-3), a
graphite surface estimated to be 10~ ' in. thick was completely removed., The total
time of direct exposure of the surface to the atmosphere was approximately 9 hours.
If reaction 1 were responsible for the removal of the graphite, then it must have
been occurring with a probability in excess of 0.8 per oxygen atom collision.

Reference 5 reports that the variation with surface temperature of the
probability of reaction 1, el, for the case of oxygen atoms impacting at thermal
velocities is given by: ’

€, = 0.63 o 1160/T
The temperature of the graphite exposed on STS-3 is expected not to exceed 420K, a
temperature at which the Arrhenius expression given above predicts a value of ¢, of
0.04. Even though the estimate of reaction probability on orbit is based on &ata
which are somewhat less precise than might be desirable, the difference between
prediction and observation is substantial.

(2)

Such a discrepancy 1n predicted and observed reaction probabilities indicates
the possibility that the high translational energy of oxygen atoms striking graphite
surfaces on orbit results in the enhancement of the probability that an oxygen atom
removes a carbon atom on impact (as compared to the thermal oxidation of graphite by
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0 atoms). It is instructive to note that if one includes the translational energy of
the atomic oxygen 1in one's accounting, channels for the removal of carbon atoms in
addition to sgaction 1 are at least thermodynamically allowed. Two of these
reactions are:

26 +0 »C0 +C AH = - 125 kJ mole : (3)
c g g g
and

3¢ +0 »CO +C, AH=- 8.9 kJ mole !, )
c 8 g 28

Thus the oxidation of graphite was selected as the 1initial subject for
investigation in a new facility constructed specifically for the study of high energy
oxygen atom surface chemistry. In addition to providing further insight into a gas-
surface interaction of great fundamental and practical interest, such experimentation
serves as the prototype for the investigation of the oxidation of spacecraft
materials by high energy atomic oxygen.

Figure 1 shows a schematic representation of the beam apparatus designed for the
investigation of high energy oxygen atom surface chemistry. The vacuum system {is
comprised of four chambers. The first three are stainless steel boxes, 18 1in. cubed,
sealed with Buna-N "O-Rings”. The first is pumped by an unbaffled 16 in. oil
diffusion pump (Varian VHS-400). Each of the second and third chambers is pumped by
a 10 in. o1l diffusion pump (Consolidated Vacuum Corp.), topped with a liquid
nitrogen cooled trap (Mt. Vernon Research Corp.), and an electro-pneumatically
operated, viton-sealed gate valve (Vacuum Research Manufacturing Corp.). The fourth
chamber uses crushed metal seals and 1s pumped by a high-speed turbomolecular pump
(Balzers TPU 510).

The oxygen atom beam source (described below) is housed in chamber 1. The
source is recessed into chamber 1 in order to minimize the distance from source to
target thereby delivering the maximum available beam flux to the target. A Beam
Dynamics Inc. model 2 nickel skimmer, 0.90 mm orifice diameter, connects chambers 1
and 2. Chambers 2 and 3 act as buffers to aid in the reduction of pressure between
the source and the target. A beam chopper and beam flag which aid in the
characterization of the beam are mounted in chamber 2. The second chamber also
provides space for installation of a low resolution slotted disk velocity filter,
which may be used when it is desirable to prevent light from the beam source from
falling upon the target.

The solid target is contained in the fourth chamber, which is recessed into the
third chamber to minimize source to target distance. A quadrupole mass spectrometer
(Extranuclenar Laboratories) is provided for characterization of the atomic beam and
also for identification of the volatile products of bombardment of the target.

The production of a beam of neutral atomic oxygen of sufficient velocity and
intensity for this program requires advances in the state-of-the-art of beam source
technology. Indeed, one major reason for the scarcity of experimental data on atomic
oxygen-surface interactions at high energles (~ 5 eV) is the difficulty in building a
reliable, fast, high~intensity O atom beam source. Figure 2 shows the source
constructed here to achieve such a beam. The source 1s a modified, commercially
available plasma torch. The modifications 1include attachments for a water-cooled
nozzle, through which the atomic beam expands into the vacuum system, and exhaust
channels to dispose of excess torch gas. The torch operates in the non-transferred
mode, 1i.e., the electric arc 1is confined within the torch. A plasma is formed in

* -
* 0 indicates translational excitation of 480 kJ mole l.
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helium by a dec arc. A small amount of 0, (~ 2% of the total gas flow) 1s injected
downstream of the arc into the gas flow, where it is thermally dissociated 1into
oxygen atoms by the hot helium. The high temperature and the isentropic expansion
provide for the oxygen atom velocity, which results in a supersonic beam. A similar
source has been reported by Air Force Geophysics Laboratories (6).

The arc source has been tested with pure He, He/0, mixtures, He/Ar/02 mixtures,
and Ar/0, mixtures as a function of torch power. Tests with 0, indicate that
oxidation of electrodes does not take place even at high torch current levels, He,
Ar, 0y, and O atom beams have been detected using the mass spectrometer. Conversion
of molecular oxygen 1into atoms 1s determined from relative mass peak signals
(measured by the quadrupole mass spectrometer), IO/IO , by the formula of Miller and
Patch (7). 2

N 0 I
y = =P (=) B-1) (6)
nl
O2 0 0
where NO/NO is the inferred number density ra%io of 0 to 0y, P is the probability of
dissociativé ionization, 9 / o, 1s the ratio of electron impact ionization cross
sections, IO/IO is the rath op mass spectrometer signals of O and 0, with the torch
on, and n is thé 10/102 ratio with the torch off. The per cent dissociation is given

by:
%D = 100 y/(y + 2).

As one can see from figure 3, the per cent dissoclation of 0, 1into O ranges
from ~ 30 to 48% for a 2.55% 0y in Ar mixture, to ~ 15 to ~ 19% for various 0, in
He/Ar mixtures. These per cent dissociation translate into source temperatures of
3000-3200°K for 0, in Ar, and 2700-2850°K for 0, in He/Ar mixtures. Although not
shown, tests made using pure He also show a lower dissociation. The greater efficacy
of argon in dissociating O, probably owes to increaffd energy deposition in Ar, which
flows more slowly through the torch (0.63 STP & sec = Ar, 2.1 STP & sec” = He).

Results will be reported of measurements of the rate of volatilization of
graphite by high velocity atomic oxygen 1in order to determine 1f the apparent
enhancement of this rate on orbit is real. Mass spectral measurement of the products
of high velocity O atom bombardment of carbon will be described as well.
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Structure Changes During Carbon Methanation Reactions

* * 'Y
J. Sentiesteban , S. Fuentes and M.J. Yacaman

»
Instituto de Fisica UNAM, Mexico, 20 DF

»*
Physics Department, West Virginia University

1. INTRODUCTION

The reaction of carbon methanation on graphite surfaces contailning
platinum particles was studied using electron microscopy, gas chromatography
and thermogravimetry. In the electron microscope, the weak beam thickness

(1) (2)

fringes and topographic refraction images were used. In addition the

STEM microdiffraction technique to obtain crystallographic information from

(3)

individual particles was employed.
2. ACTIVITY RESULTS

Figure 1 shows the results for the activity for methane production as
function of the temperature. Below '700°C the methane concentration is
undetectable. It starts to increase at this temperature and a maximum is
obtained at 800°C. At 850°C the reaction approaches the thermodynamic
equilibrium and the concentration is reduced. However at 900°C it increases
again. The TEM showed that at this temperature channeling on the graphite
surface starts to be produced.(B) Below this temperature the particles produced
only pits in the surface.. Figure 2 shows a topographic image of the channels.
Irregular large particles are extremely active in this reaction since they
produce large channels and therefore remove more carbon from the surface. The

weak beam image picture shows that the particles are very rough in shape. They
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are flat platelets with a thickness of about 100 2. & typical example is shown

in Figure 3. It was found that well faceted particles did not produce any
channeling and therefore they were inactive for the reaction. Particles in the
size range below 100 § produced regular channels moving along <1150>
directions of the graphite in most cases, in agreement with the findings of

Baker et.al(B) (4).

and Tomita and Tamai However large irregular particles
produced irregular channels not oriented along specific directions. The
channeling always started along edges or steps on the graphite surface. The
activation energy and reaction rate was determined by chromatography in the
700-800°¢C range and by thermogravimetry in 800-900° interval. The reason for
this was that at high temperatures, the methane was decomposed in the
post-reaction zone, producing an error in the chromatographic measurements.
The values found were 43.5+4 KCal/mol and 0.0415 gr(CH4) / hr gr(PT) for the
activation energy and reaction velocity respectively in the 700-800°C interval
and 44.0+4 KCal/mol and 0.026 gr(CHA) / hr gr(PT) for the 800-900°C interval.
These results suggest that the reaction mechanism is the same for the whole
range of temperatures. Microdiffraction experiments indicated that particles
had an FCC structure corresponding to a cubo-octahedron. However in many cases
a complex pattern was obtained not corresponding to an FCC structure. This was
probably a carbide or an oxide. It was not possible to identify this phase
univocaly and more experiments are being carried out. The reaction appears to
be produced on the interface Pt-graphite and is always related to pitting or
channeling. The rate determining step seems to be the break of the C-C bond on
the graphite surface. The main rate of the catalyst is to reduce the

activation energy for the breaking of the C-C bond. The ability of the

particles to remove carbon seems to be related to its surface roughness.
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Figure 1, Concentration of methane as a function of the temperature.
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Pigure 3.

Weak beam image of a large pa-ticle showing rough surfaces.
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DIRECT INVESTIGATION OF REACTING COALS BY
DIFFUSE REFLECTANCE INFRARED SPECTROMETRY

Peter R. Griffiths, Shih~Hsien Wang, Issam M. Hamadeh,
Paul W. Yang and David E. Henry

Department of Chemistry, University of California,
Riverside, California 92521

Introduction

A few years ago we showed that it was possible to measure the diffuse reflect-
ance (DR) infrared spectrum of solids at high signal-to-noise ratio (SNR) with no
sample preparation required other than pulverization (1). The key factors in our
design were the use of a Fourier transform infrared (FT-IR) spectrometer incorpor-
ating a mercury cadmium telluride (MCT) detector, and the design of a highly ef-
ficient optical configuration for collecting diffusely reflected radiation and pass-
ing it to the detector. At that time, we suggested that the study of coal might be
among the more important applications of DR spectrometry, although we initially be-
lieved that in order for good spectra to be obtained it was necessary to grind the
samples with about ten times their weight of an alkali halide diluent (2). Sub-
sequently, we demonstrated that equally good spectra could be obtained when no
diluent was added, and several applications of DR infrared spectrometry to coal
chemistry were described in a recent publication from this laboratory (3). Today
it is possible to obtain commercial accessories for DR spectrometry for most com-
monly used FT-IR spectrometers from at least four different sources.

In view of the structural information potentially obtainable from the infrared
spectra of neat powdered coals, we have studied the feasibility of monitoring the
chemical changes which occur while reactions are taking place. This work neces-
sitated two instrumental developments before truly useful data could be obtained.
These were the construction of a cell and optical configuration suitable for the
study of gas-solid reactions at high temperature and the further refinement of the
assignment of infrared spectra of coals, especially after resolution enhancement.

Optics and Cell

The first DR infrared spectra measured during a reaction were described by
Niwa et. al. (4,5). Their spectra were measured on a grating spectrometer and
had a very low SNR. Subsequently (6), we described a small cell for controlling
the atmosphere around a heated powder which could be installed in the optics re-
ported in our first paper on DR spectrometry (1). Although the spectra measured
with this cell had a far higher SNR than those of Niwa et. al., the cell still had
several disadvantages, in that it had to be very small, its—Eemperature could not
be raised above about 200°C, and temperatures had to be estimated rather than
measured directly. The optical efficiency was reduced by the window geometry and,
in addition, a substantial fraction of the radiation reaching the detector had
never interacted with the sample, leading to a high level (n20%) of stray light.

Subsequently, a superior cell was introduced by Harrick Scientific Corporation
(Ossining, N.Y.) with improved upper temperature limits, optical efficiency and
stray light spectifications. However, this cell still had one significant draw-
back for the study of reacting coals, in that it had only one inlet/outlet gas line,
so that if tars were formed they would condense on the windows, completely obscuring
the infrared beam from the detector.

To circumvent this problem and to permit improved operating specifications, a
completely redesigned cell was constructed. Separate inlet and outlet gas lines
were installed; the use of a wide-bore outlet tube permitted a vacuum of 1074 torr
to be obtained. The base of the sample cup is fritted so that inert or reactive
gases can be drawn through the sample, preventing tar deposits on the window. The
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input beam and diffusely reflected output beam are passed through a single 50cm
diameter KCl window. The sample is heated by a nichrome wire coiled around the ‘
cup. The temperature of the sample can be measured by a thermocouple inserted into
the powdered coal, and temperatures up to 600°C (1100°F) have been reached, which
should allow the study of most important reactions of coals. To avoid overheating,

the body of the cell is water-cooled.

To accomodate this cell, we designed a fundamentally different optical con-
figuration for DR infrared spectrometry, which permits a large cell to be installed
with little or no loss in optical efficiency. If a non-absorbing sample (such as
powdered KCl) is placed in the cell, the SNR of the interferogram measured with an
FT-IR spectrometer operating at full throughput (0.06 cm? steradian) with a medium-
range MCT detector (Apgx=15um) can be so large in the region of the centerburst
that the dynamic range of the analog-to-digital converter may be exceeded unless a
screen is placed in the beam. This cell and optics are described in details in the
Ph.D. dissertation of Hamadeh (7), and are shown schematically in Figure 1.

Resolution Enhancement

e e W o el s

Absorption bands in the infrared spectra of coals may be rather broad, so that
detailed chemical information may be masked by the overlap of neighboring bands. Con-
version of the spectrum to the second, or even the fourth, derivative has permitted
the separation of small shoulders in the spectra of coals (3,6,8) but the inter- 1
pretation of second- and fourth-derivative spectra is made difficult by the pos-
sibility that secondary lobes from intense sharp peaks may be mistaken for a real
spectral feature in complex spectra. An alternative, and we believe preferable, ‘
technique for resolution enhancement where the effect of secondary lobes should be
minimized is Fourier self-deconvolution (FSD). Here the absorption spectrum is con-
verted to its Fourier transform, multiplied by an exponential function, and trun-
cated if necessary to remove the high frequency noise components. The inverse trans- ‘
form then yields a spectrum in which the width of all spectral features has been re-
duced (9). Care must be taken, however, to avoid the use of an exponent in the
multiplier which is too large since side-lobes will be generated which are analogous /
to those of second-derivative spectra.

To illustrate the potential of Fourier self-deconvolution in coal spectrometry,
the progressive resolution enhancement of the spectrum of an oxidized low volatility
bituminous coal in the region of the carbonyl stretching bands is shown in Figure 2. ’
In the upper spectrum it can be seen that side-lobes have been generated and the
noise level of the spectrum is increased to the point that it is difficult to dis- j
tinguish a real feature from a noise spike. We have recently developed a technique
to determine the optimum level of resolution enhancement consistent with an accept-
able noise level and side-lobes (10), and we believe that the degree of resolution
enhancement of all spectra shown or used in subsequent sections of this paper is
quite conservative, and could probably have been improved upon if there optimization
procedures had been applied rigorously.

Spectral Assignments

This increased resolution leads to some benefits and some problems. The benefits
are obvious when the newly resolved bands can be unequivocally assigned to definite
vibrational modes, For example, the spectra of most coals contain two bands between
3000 and 2800 cm'l; these may be assigned to the symmetric and asymmetric stretching
modes of aliphatic C-H groups. Each band often shows evidence of being composed of
two unresolved or partially resolved components which can be completely resolved by
FSD; these components can be assigned to vibrations of methylene and methyl groups.

By studying the ratio of the intensities of these bands, the relative rates of re-
action of CH, and CH; groups can be monitored, for example during air oxidation (vide
infra).
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The disadvantage of the enhanced information content is encountered when the
newly resolved spectra cannot be interpreted with certainty. In Figure 2, as many as
nine bands may be resolved in the carbonyl stretching region alone. Some of these,
e.g. the two anhydride bands at 1845 and 1775 cm~1l, are easily assigned. Others, es-
pecially the bands between 1735 and 1675 cm~l, are much less easy to assign with any
degree of certainty.

We are hoping to increase the certainty of these band assignments by correlating
the infrared spectra with both solution-phase 1H and solid-phase 13C NMR spectra.
The correlating of solution-phase lH spectra of that fraction of each coal soluble in
pyridine-ds with the diffuse reflectance spectrum of the solute remaining after com-
plete evaporation of the solvent is certainly useful, but one can never be sure that
the structure of the coal remains unchanged after solvent elimination. The SNR of
CP-MAS 13C NMR spectra measured on a 60 MHz spectrometer was too low to permit useful
conclusions to be made, and we are hoping that spectra to be measured on a 90 MHz
spectrometer with a wide magnet gap prove more helpful.

Low Temperature Oxidation

The potential of DR spectrometry for monitoring coal reactions will be illustrat-
ed by the low temperature (150°C) air oxidation of a low volatile bituminous coal.
This reaction is very slow - much slower than the types of reactions which we ulti-
mately hope to study (which can have half-lives of only a few seconds) - but the data
still give a good indication of the type of results which can be obtained. Decon-
volved spectra measured at different times after oxidation was initiated are shown in
Figure 3. The increase in absorption around 1700 and 1250 em~1 is evident, showing
that oxygen reacts to form both double and single carbon-oxygen bands, with C=0 for-
mation being the more rapid reaction. The existence of anhydride groups is not ob-
vious in the early spectra, but the 1845 cm~1 band builds up rapidly after a few
days, indicating that oxidation to carboxylic acids is an initial step, followed by
condensation of neighboring -CO,H groups when their concentration is sufficiently
high.

The increase in aromaticity can be inferred from a plot of the ratio of the in-
tensity of the aromatic C-H stretching band at 3070 cm~l to that of the symmetric
methyl stretching band (2872 cm~l) against time of oxidation, see Figure 4. The
mechanism of this reaction can be inferred from a plot of the ratio of the intensit-
ies of the asymmetric methylene and methyl stretching mode against time of oxidation,
see Figure 5. The faster rate of disappearance of CH; groups indicates that one pos-
sible mechanism by which aromaticity is increased is by oxidative dehydrogenation of
hydroaromatic methylene groups:

O L= 00
- 3

: C
or B }L2|CH ~
-4H
CH, 728 5
z @
~ i, PN
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In Reaction A, an aromatic ring with two neighboring C-H groups would be formed
whereas in Reaction B the newly formed aromatic ring would have four neighboring c-g
groups. It is possible to determine which reaction has the higher probability by
studying the spectral region between 950 and 650 cm~l, Three strong bands of approxi-
mately equal intensity may be observed in this region, at approximately 880, 815 and
760 cm~l. These bands are due to the aromatic out-of-plane C-H deformations, and
may be assigned as follows, after Bellamy (11):

880 cml band: Isolated C-H groups, i.e. 1,2,3,4,5-pentasubstituted ring; 1,2,3,5
and 1,2,4,5-tetrasubstituted ring; 1,2,4, trisubstituted ring (in conjunction
with 815 cm~1 band).

815 cm~l band: Two neighboring C-H groups, i.e. 1,2,3,4-tetrasubstituted ring; 1,2,4-
trisubstituted ring (in conjunction with 880 cm'l band); para-dissubstituted
ring.

760 cm'l band: Four neighboring C-H groups, i.e. ortho-substituted ring.

An increase in the intensity of the 815 cm~l band relative to that of the 760
cm~1 band on dehydrogenation would indicate that Reaction A is favored over Reaction
B, and vice versa. In Figure 6, it is shown that the rate of increase of the 760 cm~1
band is greater than that of the 815 cm~l band, indicating that Reaction B is favored.
It is noteworthy that this type of conclusion also gives an indication of the struc-
ture of low volatility bituminous cocals, since the dimethylene structural unit in the
reactant for Reaction A has been generally believed to be more prevalent in coals of
this rank than the tetramethylene hydroaromatic unit in the reactant for Reaction B.

Conclusions

We believe that these data indicate the feasibility of monitoring structural
changes occurring during reactions such as oxidation, pyrolysis and hydrogenation,
with or without catalysts present, in situ by diffuse reflectance infrared spectro-
metry. Our current cell allows reactions to be studied at temperatures as high as
©00°C. Reaction products may be continuously swept out of the cell, permitting char-
acterization by a wide range of other instrumental techniques. Reactions occurring
at high pressure are less easy to monitor at this time, but it should not be too dif-
ficult to redesign the cell so that pressures to 1000 psig are permissible.
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Figure 1: Schematic of cell designed for the study of gas-solid reactions.

The level of the collimated beam from the interferometer is raised by the two
plane mirrors (A) and focused onto the sample by the off-axis paraboloidal mir-
ror (B). The diffusely reflected beam is collected and collimated by the para-
boloidal mirror (C) and refocused by the other segment of the same paraboloidal
blank (D) onto a downward-looking MCT detector at E. The components of the cell
are as follows: (1) Heater leads, (2) Line to vacuum pumps, (3) Screw for sam-
ple removal, (4) Gas inlet line, (5) (6) Water inlet and outlet lines, (7) Mano-
meter connection, (8) Sample.
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Figure 2: Effect of progressive resolution enhancement of the DR spectrum of
a low volatility bituminous coal. The original spectrum is the lowest trace (A).
Spectra used in this paper were computed with the parameter used for spectrum D.
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Figure 3: Resolution-enhanced spectra of a low volatility coal subjected to
150°C air oxidation for (a), O; (B), 2; (C), 4; (D), 6; (E); 8; (F), 10; (G),
12 days.
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THE IDENTIFICATION AND CHEMISTRY OF SPECIES RESULTING FROM
THE RAPID PYROLYSIS OF SMALL COAL PARTICLES IN VACUUM
AND IN THE PRESENCE OF REACTIVE GASES

R.H. Hauge, L. Fredin, J. Chu and J.L. Margrave

Department of Chemistry, Rice University, Houston, Texas 77251

INTRODUCTION

The various experiments in this study are designed to produce
data from reactors which emphasize the early stages of coal gasifica-
tion and its reactions with auxiliary gases by bringing the coal
quickly up to reaction temperature under conditions where highly
reactive gas phase intermediates can exit rapidly from the reaction
zone. They are then deposited on a 15K reflective surface with a
large excess of inert gas where further reaction is rapidly quenched.
The products when isolated in a non-interactive solid such as nitrogen,
argon, or even dry air exhibit well-defined spectra which allow the
precise measurement of isotopic shifts and peak positions. Free
radicals and other reactive species can be detected by characteristic
infrared spectra. The presence of intermediates is also monltored
with a fast time response guadrupole mass spectrometer. The combina-
tion of mass spectrometry and matrix isolation infrared spectroscopy
serves as an effective probe for the existence of transient gaseous
reaction intermediates.

The types of data obtained from the studies include:

(1) Structural data for new species and suggested reaction path-
ways from isotopically-substituted reactants.

(2) 1Information on the dependence of various gas products formed
on rates of heating, reactant gases, and coal particle size.

The question as to whether the reactions of particular primary
building blocks of coal lead to specific products is studied by adding
the molecular species, i.e., various polycyclic aromatics (PCA's) to
the coal or as a reactant gas and noting the effect on product distri-
bution.

EXPERIMENTAL

A new matrix isolation system has been designed to allow both
mass spectrometric and matrix isolation infrared studies of highly
reactive transient species. Close coupling with differentially pumped
systems permits the detection of species evolving from samples exposed
to pressure pulses of various gases up to one atmosphere. The system
is integrated into a high resolution Fourier transform spectrometer
which covers the spectral range from the far i.r. to the near i.r.
(100 microns to 1 micron). The design has seventy available deposition
surfaces. This large number of surfaces is very valuable in attempts
to detect small changes which occur due to changed reactor conditions.
The increased accuracy of infrared difference spectroscopy can be
used to great advantage with a large number of samples which result
from small changes in reactor conditions. The combination of mass
spectrometric and matrix isolation spectra greatly increase the

likelihood of positive species identification. Three guartz crystal
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infrared. Results from this study are presented in Figure 5.

At 146C, coal devolatilization can be characterized by evolution
of COp, CHy, H20, and CO. At an increased temperature of 326C, light
hydrocarbon gases such as CpHY4 and C2Hg are observed along with CHy,
COp, CO and H20. Most of these light hydrocarbons are devolatilized
between 326 and 605C. A similar behavior has been noted by Solomon
and co-workers. /1,2/ At 1038C, a new peak at 1525 em—1 appears
which has not yet been identified.

An interesting observation is that COp seems to reach maximum
yield at low temperatures and remains relatively constant at higher
temperatures. However, CO appears to increase with higher temperatures
and does not reach a maximum at the highest temperature studied.

Rapid Pyrolysis of Illinois #6

Studies of rapid pyrolysis of coal granules, using the pulsed
flow reactor and the coal granule inlet valve described in Figure 3
indicate results similar to those for slow pyrolysis. However, rapid
pyrolysis of Illinois #6 powder gives a much more_complex IR spectrum
with two new peaks appearing at 1180 and 1328 cm~l. These two peaks
are predominant and always occur simultaneously. Their relative I
intensities are always the same, indicating that they are due to a
single species.

A comparison of rapid pyrolysis of Illinois #6 granules versus
powders is illustrated in Figure 6.

Two other coals beside Tllinois #6 were studied, Western Kentucky
and Upper Freeport as shown in Figure 7. Western Kentucky is a high
moisture and high oxygen content coal while Upper Freeport is a low
moisture and low oxygen content coal. Both types of coal gives
results similar to Illinois #6 when their powders are rapidly pyro-
lyzed., Absorptions at 1180 and 1328 cm—1l are predominant over the
methane absorption for both coals studied. This indicates that the
species responsible for 1180 and 1328 cm-l is common to all coals /
during rapid pyrolysis.

Rapid Pyrolysis of Oxidized Illinois #6

Illinois #6 powder was oxidized by heating in an oven at 190C.
Samples taken after one hour and after 18 hours of heating were
rapidly pyrolyzed through the pulsed flow reactor. Figure 8 shows
the predominant gaseous products to be COp, CO and H20, as expected
for oxidized coal. 3light traces of CHy and the species responsible
for 1180 and 1328 cm-1 are also observed. This indicates that the
presence of the unidentified intermediate speciles is not dependent
upon the extent of oxidation of the coal samples. It is, however,
reduced in yield which indicates the species is not due to oxidation
of the coal sample.

Rapid Pyrolysis of Illinoils #6 with D2016 and D20Q18

The effect of gaseous water on rapid pyrolysis of Illinois #6
granules was studied by the addition of D2016 and D2018. Gaseous
deuterated water was pre-mixed with argon and pulsed through the
reactor immediately after coal granules were dropped into the hot

reactor zone. Results, shown in Figure 9, suggest that oxygen from
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mass monitors are mounted on the cold trapping block. They serve as
very sensitive quantitative monitors of the beam density striking the
trapping surface. A detailed schematic of the MI-MS apparatus is
shown in Figures 1 and 2.

Figure 3 presents a schematic diagram of a pulsed flow reactor
for coal granules and coal powders. The reactor contains three
sections. The first section, A, contains the coal granule inlet
valve. The second section, B, contains the hot reactor zone,
resistively heated through a nichrome wire wrapped around the outside
of the quartz tube. It is separated from the cold (15K) copper matrix
isolation surface by a small amount og quartz wool inserted in the
tube. Coal granules are introduced into the hot reactor zone by
simply dropping them in through valve A. A two-way valve is then
pulsed open which causes an inert gas, argon, to carry the gaseous
products through the quartz wool and onto the 15K copper surface of
the matrix isolation apparatus. Approximately 15 grains of coal were
used for each trapping.

The third section, C, is used for introduction of coal powders
into the hot reactor zone. It contains a flutted glass column,
separated from the hot reactor zone by two two-way valves. The inert
carrier gas, argon, is let in from the bottom, passing the frit,
creating a simulated fluidized bed of coal powder. Coal powder along
with the inert gas is pulsed into the hot reactor zone by sequentially
pulsing open each of the two-way valves. Gaseous products are
carried by the excess inert gas onto the 15K matrix isolation surface
to be studied by infrared spectroscopy. Usually 50-100 pauses of
coal powder were used for each trapping.

PULSED FLOW VERTICAL HEATER REACTOR

. A schematic drawing of the vertical heater reactor is shown in
Figure 4. This reactor is very similar to the pulsed flow reactor
described in Figure 3, except that the design allows the gaseous
products to be trapped directly onto the matrix surface without
formation of tars along the sides of the tube as in the case for the
previous reactor. The hot reactor zone is placed in the matrix
isolation chamber. It consists of a quartz tube with a small opening
near the bottom of the tube which is inserted into a vertical tantalum
heater. The tantalum heater also has a small opening on the side
facing the matrix isolation surface. A small piece of quartz wool
is placed into the quartz tube so that it just covers the opening.
This prevents particles from being blown onto the matrix surface and
keeps them in the hot reactor zone.

Coal powder is pulsed into the heater in the same way as
described for the previous pulsed flow reactor. 1In general, pyrolysis
is carried out over a temperature range of 120 to 1000 C, in vacuo.
Argon has been used as the inert carrier and matrix gas.

RESULTS
Slow Pyrolysis of Illinois #6 Powder

Coal particles (250 mesh) are placed in the vertical quartz tube
described in Figure 4 and slowly heated from 146C to 1038C. CGaseous
products obtained at different intervals of temperature are trapped
with argon, introduced from a separate inlet tube, onto the 15K
copper matrix isolation surface and subsequently examined through
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the water ends up as CO and COp, as seen by the presence of C018 and
C016018 in the reaction with D2018. However, no deuterated methane
is evident 1n either reactions.

DISCUSSION

To date our work has shown that the product gaseous species from
pyrolysis are very dependent on coal particle size. As might be
expected, the larger particles tend to produce the smaller alkanes
and alkenes as a result of secondary pyrolysis. Rapid pyrolysis of
the smaller particles produces new species which are thought to be
more representative of the species resulting from initial bond break-
ing steps. One sEecies in particular produces strong features at
1328 and 1180 cm-l. 1Insufficient reference data has prevented the
identification of thils species as yet but it is hoped that studies
of model compounds and additional mass spectrometric information will
allow identification of this slgnificant reaction intermediate. It is
also clear that improved control of particle size and the amount of
coal injected per pulse will greatly aid our interpretation of product
distributions. Of course, thils also applies to studies of reactions
with gases such as water, hydrogen and carbon dioxide. Preliminary
work with a small gas recirculating system in which selected coal
particle sizes are entrained with reactant and inert gases indicates
that a much improved pulsed coal injection system is possible., It
is expected that considerable additional data of product distributions
correlated to particle size, temperature and reactant gas will be
avallable in the near future.
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CHEMISTRY AND STRUCTURE OF COALS: AIR OXIDATION STUDIES
RELATED TO FLUIDIZED BED COMBUSTION

E. L. Fuller, Jr., N. R. Smyrl, R. W. Smithwick III, and C. S. Daw*

Oak Ridge Y-12 Plant
Union Carbide Corporation,
Nuclear Division
Oak Ridge, Tennessee 37830

Efficient use of coals as feedstocks and thermal: energy requires
comprehensive understanding of the physical and chemical structure of
the starting materials and the changes wrought in the processing steps.
Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy is
being developedl’2 as a facile, nondistructive, rapid, highly informa-
tive means of measuring and monitoring the chemical structure of coals

Figure 1 shows how well the DRIFT technique can be used to rank
coals with respect to the hydroxyl content and hydrocarbon type and
content for unweathered powders of the greater maturity increasing
from top to bottom. Figure 2 shows the wealth of information as re-
lated to carbonyl content, polynuclear aromaticity and mineral type
and mineral content for the various coal powders and the simulated
end members of the coalification process (cellulosic fibers
and graph ite). Figure 3 is an example where the changes due to
oxidation are readily discerned. This partial oxidation involved loss
of the aliphatic hydrogen (2800-3000 cm-1) and simultaneous carbonyl
formation (1600-1900 cm~') with little or no loss of hydroxyl (3600-
2000 cm'l), aromatic hydrogen (3200-3000 cm‘l), polynuclear carbon
(1650-1550 cm-!), nor polyaromatic hydrogen (900-700 em~Y).  Studies
of catalytic effects due to inorganic constituents are facilitated by
DRIFT as shown in Figure 4 where quantitative measures are obtained for
the amount and nature of argillic components inherent in and/or admixed
with the run of the mine coals.

The DRIFT technigue uses the coal as a solid piece and/or as powder
with no mulling agents (CCl4), support medium (KBr), or other extraneous
materials that can contribute erroneous spectral features and serve as
barriers for in situ reaction studies. Figures 5 and 6 illustrate the
additional information that one can obtain by noting spectral changes
wrought on oxidation. The dehydrogenation process involves oxidation of
only the aliphatic hydrocarbon initially and only at the latter stages
the oxygen attackinvolves unsaturated olefinic and aromatic species
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(3035 ecm~1). Also there is little or no loss of phenolic, carboxyl
alcoholic, etc. entities (3650-2400 em~!) until the later stages of
reaction. Figure 6 shows more details of the oxygen insertion pro-
cess where the initial oxidation forms somewhat isolated carbonyls
(1705 cm-!) with higher degrees of reaction progressively forming
analogs of carboxylic acids (1745 cm-!), acid anhydrides (1775 em-b)
and organic carbonates (1845 cm-!) as a synergetic continum of oxygen
enrichment prior to the final evolution as gaseous carbon dioxide.
Steady state conditions seem to prevail where the process proceeds
continuously at the steady state concentrations noted in the upper
difference spectrum. DRIFT spectroscopy uniquely allows one to moni-
tor the concentration of virtually all of the entities required to
fully elucidate the oxidation mechanism proposed by batch techniques.a’“
Additional details of interpretation and experimental techniques are
given elsewhere.

Mercury porosimetry, vapor sorption, microscopy, and helium
picnometry aid appreciably in our heat and mass transport modelling
under conditions relevant to fluidized bed reactors of the Tennessee
Valley Authority. The original rigid structure of the coal swells
and expands as volatile bubbles grow and flow out of the tarlike mass
where the -3+4 mesh particles are introduced into the hot (1500°F)
reactor. The volatiles burn vigorously and the residual char slowly
burns away to leave residual ash. Data will be given to show the
nature of the porosity (internal/external, open/closed, macro/micro,
etc.) as determined by the various techniques and the relevance to
existing and proposed processes.
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Figure 1. Hydrogen stretch region of
DRIFT spectra of; A. cellulosic fibers,
B. Lignite, C. Subbituminous Coal,

D. C-bituminous coal, E. A-bituminous
coal, and F. Graphite. All samples
are equilibrated with 30 ppm moisture
in the argon purge.
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Solid-Solid Contacting in Catalyzed Gas—Char Reactions
D. C. Baker
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Introduction

Coal char samples that are used for gas-carbon reaction studies
can possess a wide range of porosities depending upon preparation tech-
niques. In general, the char may be classified as non-porous, slightly
porous, or highly porous. The total particle reaction rate is a summa-
tion of the intra-particle reaction rate and the external surface reac-
tion rate and is dependent upon the type of char under investigation,
viz.

Fmeas = (NAINE 4+ peXt)p o (0

where rpeag 15 the measured total particle reaction rate, rppue is the
true reaction rate, ANt and A®Xt are the internal and external surface
areas, respectively, and n is the effectiveness factor.

Further elaborations on the total particle reaction rate arise
in gas-carbon reactions when reaction at specific sites warrants the
inclusion of an internal and external active site density, C;, and when
Ttrrye applies to a complex reaction path such as gasification, viz.
char-C0Oy gasification,

. , k1(CO5)
= (palntg int 4 pextc ext) (2)

kl k_]_
1 + —=(coy) + —(co)
k3 k3

Tmeas

It is often difficult to determine when the effectiveness factor is
approximately unity for complex reaction paths, consequently rate ex-
pressions simpler than equation (2) are often used. For example, Jalan
and Raol assumed a first order reaction rate with respect to COy during
char-C0Oy gasification. Also note that in the case of equation (2) only
"apparent" activation energies can be obtained from Arrhenius plots of
Ymeas VS. 1/T since kj, k.1, and k3 z11 depend on T, and even this ap-
proach is invalid if the surface areas and site densities are not con-
stant with respect to temperature and the time duration of the experi-
ment.
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When a solid catalyst is introduced onto char, the catalyst
contacting with char must be considered since it may be (a) limited to a
small portion of the external char surface area, (b) contacted with the
entire external char surface area, but excluded from internal pores, or
(c) contacted with the entire external and internal char surface areas.
The consequences of catalyst contacting on measured reaction rates and
measured activation energies need to be realized when interpreting ex-
perimental data since these measurements often are taken as the main
basis for speculating on catalytic mechanisms, 2%

Analysis

It has been proposed that certain catalysts in gas-carbon
reactions-act only to increase the density of active sites (i.e. C¢ in
equation (2)).5 Assuming this type of catalysis prevails, Table 1 sum-
marizes, for several initial reaction conditions and for several con-
ditions of catalyst contacting, the changes in measured reaction rates
and measured activation energies which occur when a solid catalyst is
introduced onto char. As shown in Table 1, the initial uncatalyzed
reaction conditions may be in the regime of kinetic control (n=1),
intra-particle diffusional control (n<l1), or external diffusional con-
trol (i.e. proportional to the difference in bulk and surface concen-
trations and film thickness). When a solid catalyst is introduced, the
catalyzed reaction conditions depend on the porosity of the char and the
extent of catalyst contacting (i.e. catalyst penetrates internal pores
or catalyst excluded from internal pores). The interplay between initial
uncatalyzed reaction conditions and extent of catalyst contacting during
catalytic gasification can lead to measured activation energies increas-
ing, decreasing, or remaining constant with catalyst application, An
interesting case is where the measured activation energy increases with
the introduction of a solid catalyst. In such a case a slightly porous
char has an uncatalyzed total particle reaction rate initially made up
of nearly equivalent external and internal (diffusion controlled) re-
action rates. Introduction of a catalyst, which is excluded from in-
ternal pores but which contacts the entire external surface area, can
lead to the external surface reaction rate overwhelming the intra-
particle reaction rate and consequently increasing the measured activa-
tion energy.

In reviews of catalyzed gas-carbon reactions, it is often
noted that the measured activation energy may decrease with introduction
of a catalyst as the system becomes diffusion controlled.® However,
similar physical reaction considerations are usually not given to the
case vhere the measured activation energy increases with introduction of
a catalyst. Measured activation energies have been reported to in-
crease, decrease, and remain constant for catalyzed gas-carbon reactions
relative to the uncatalyzed reactions.2-5,7 1t is interesting to note
that catalyst contacting alone may explain these differences.

Results Using Non-porous Char

In a recent study, Baker$ presented results on the catalyzed
char-C0y surface exchange of oxygen. Such a system was originally studied
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by Orning and Sterling.9 The char that was used in this study was non-
' porous thereby eliminating the need for considerations of both intra-
particle reaction rates and internal catalyst contacting. By employing
a unique pulsing technique, the (o{o])) molecules could be followed through
a char-packed microdifferential reactor without the use of radioactive
tracers which were extensively used in earlier studies.9"12 The experi-
\mental system is depicted in Figure 1. Proper choice of pulse size,
pulse residence time, and reactor temperature and pressure, permitted
measurements of the char-CO; oxygen exchange reaction for uncatalyzed
! char, as well as char catalyzed with alkali and alkaline earth carbonates,
cviz,

k
1 CO2(g) + Cf -, co(g) + C4 (3)
vwhere C¢ is a free active exchange site which can accept oxygen from

* gaseous COj and C, is an oxygen occupied active exchange site. The
total density of active exchange sites is given by

(4)

(¢}
[nd
1
(2]
(=]
+
@]
Hh

hS
Figure 2 presents some of the data from the study. A detailed
Vdiscussion and analysis is provided by Baker® and by Baker and Attar.l3
' By initially purging the system with CO, all the active sites were con-
verted to free active sites. Consequently, the reaction rate at low
\surface oxide formation is given by

Imeas = AS¥EC XL K&y (COy) (5)

which allows direct measurement of k1(T). Since negligible gasification
Yoccurred, the surface area and active site density, as given in equation
<(5), remained constant throughout the experiments.

The data which are plotted in Figure 2 indicate the possibil-

‘ ity that the activation energy for ki at low surface oxide formation,

\ 214 kJ/mole, is the same for catalyzed and uncatalyzed char. Mentser
and Ergun determined a similar value of 222 kJ/mole for uncatalyzed

, carbon black.14 At high surface oxide formation the back reaction

> cannot be neglected, viz.

! k-1
€O + C;, ——» €Oy + (g (6)

1

‘and this leads to curvature in the Arrhenius data.2 The differences in
measured reaction rates for different catalysts is attributed to dif-
ferences in the density of active sites, CteXt. Surface areas, AG®Xt,

were essentially equivalent for all samples.

At present, the data do not allow discrimination between the
degree of catalyst contacting at the char surface for the various car-
bonates (calcium, sodium, and potassium) and their intrinsic capability
to generate active sites on the char surface. However, the data do
point out some similarities between catalyzed and uncatalyzed gas-char
reactions which are not accounted for in many of the proposed catalytic
gasification mechanisms that are based mainly on differences in measured
"apparent' activation energies.

a Statistically meaningful data could only be obtained at conversions
of »3% and the back reaction became noticeable at conversions of
10%, thus limiting the conversion range for activation energy de-
terminations.
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Conclusions

Solid-solid contacting may affect the measured reaction rate
and measured activation energy during catalyzed gas-carbon reactions.
The measured activation energy may increase, decrease, or remain con-
stant with the introduction of a solid catalyst. Data for a non-porous
char indicated an identical first step in catalyzed and uncatalyzed char
gasification. That is, COj exchanged oxygen with the char surface,
apparently at active site locations. The activation energy for this
reaction, 214 kJ/mole, was similar for catalyzed and uncatalyzed char, ,
however, the reaction rates differed by orders of magnitude. The cata- ;
lytic effect for the alkali and alkaline earth carbonates was attributed
to differences in the density of active sites. Whether the different
catalyzed rates were due to different degrees of external contacting or !
to true differences in catalytic properties was not resolved in this
study.
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A STUDY OF THE ROLE OF ALKALI METAL SALTS AS CHAR GASIFICATION
CATALYSTS BY KNUDSEN CELL MASS SPECTROMETRY

Bernard J. Wood, Robert D. Brittain, and K. H. Lau

Materials Rsearch Laboratory, SRI International
333 Ravenswood Avenue, Menlo Park, CA 94025

INTRODUCTION

Although there is much current interest (1, 2)in the high-temperature reaction
of oxidizing gases with carbons admixed with alkali metal salts, there is no con
sensus on the chemical mechanisms that comprise the process. There is general
agreement that the carbon and the salt chemically interact at modest temperatures to
form a catalytically active state or reactive intermediate for the oxidation reac—
tion. The nature of this state or intermediate, however, is disputable. To search
for the identity of this intermediate and to elucidate its role in catalyzing the
gasification or oxidation of carbon, we have employed Knudsen cell mass spectrometry
to examine the gaseous species in equilibrium with carbon-alkali metal salt admix-
tures at elevated temperatures.

EXPERIMENTAL

Knudsen cell mass spectrometry is a technique which reveals the gaseous species
in equilibrium with a solid or liquid phase, alone or in the presence of added
gases., The material of interest is loaded into the Knudsen cell, a small cylin-
drical container made of refractory material, with an orifice that is a very small
fraction of the cell's total surface area. The cell is situated in a high vacuum
system so that the orifice is in line-of-sight with a mass spectrometer ion
source. An electrical resistance heating element permits the cell to be heated to
high temperatures. Gaseous species formed in the cell, or introduced through an
inlet tube, collide, on the average, thousands of times with the contents of the
cell before they escape through the orifice. Consequently, these species can be
considered to be in chemical and thermal equilibrium with the solid/liquid phases in
the cell when they emerge from the orifice and are detected by the mass spec-—
trometer. A shutter, which can be moved over the orifice, permits the cell effusate
to be distinguished from the ambient gases in the vacuum system. The general exper-
imental technique and our apparatus have been described in the literature (3, 4).

In our experiments we used 100 mg samples of pure alkali metal salts or of salts
admixed with Illinois No. 6 coal char or Spheron—6 channel black in Knudsen effusion
cells fabricated from platinum and from graphite. We determined the relative
partial pressures of vapor components by measuring their ion intensities with
ionizing energies 3 to 3.5 eV greater than their respective appearance potentials,
to avoid contributions to the ion signals by alternative fragmentation processes in
the mass spectrometer. The absolute vapor pressure of each species was calculated
by the equation,

P = k(1) (1) /0 1

where T is the Temperature in Kelvins, o is the relative ilonization cross-section,
and k is an instrumental constant,

The particular systems of interest in this study were K2C03 mixed with Spheron-
6 or char, Cs,C04 mixed with Spheron-6, and KBr mixed with Spheron-6. The effects
of added Hzo, C0Oy9, CO on vapor specles abundances above the KyC0y admixtures were
investigated in separate runs. The relative abundances of the vapor species above
the pure alkali metal salts in platinum cells, were also determined.
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RESULTS

Equilibrium Gaseous Species

Pure Salts

On the basis of the observed ions and their relative intensities (Table 1), we
conclude that the major vapor species over K,CO3(s) are K,C03(g), K(g), C0,(g), and
05(g). The neutral K,0(g) appears only at high temperature in negligible amount.
The vaporization processes of K2c03, in the observed temperature range can be
written as follows:

KyCO3(s) = 2K(g) + COx(g) + 1/205(g) 2)

K,C03(s) = KpC03(8) 1)
The enthalpy, AH, for Reaction 2 was calculated from the temperature dependence of
the intensities of the gaseous ions. The value obtained, 247 (+/- 5) kJ/mol, is in
agreement with the value of 251 kJ/mol calculated from JANAF data (5). The derived
enthalpy of Reaction 3 was 291 kJ/mol.

The vaporization of Cs,C03 was found to proceed by analogous reactions:

CsyC03(s) = 2Cs(g) + COx(g) + 1/20,(g) 4)

C82C03(S) = C52C03(g) 5)
Enthalpies of vaporization were calculated from the temperature dependence of Cs+

and 052co§ in the temperature ramge 930 to 1051 K. For Reaction 4 the experimental
enthalpy was AH = 240.3 (+/- 3) kJ/mol compared to 248.7 kJ/mol calculated from the

JANAF tables (5). The enthalpy of the sublimation reaction was 251.9 (+/- 3)
kJ/mol.

Carbon-Salt Admixtures

Over an admixture of KyC03 and coal char (8 wt% K, mole ratio K/C = 0.029),
observed in the temperature ramge 723 to 973 K, the only identifiable vapor species

were K(g), CO(g), and COZ(g), suggestive of carbothermic reduction of the inorganic
salt:

KpCO3(s) + C(s) = 2K(g) + CO5(g) + CO(g) 6)

K9C03(s) + 2C(s) = 2K(g) + 3CO(g) 7)

The temperature dependence of vapor pressures for K(g), CO(g), and COy(g) is given
in Table 2. The vapor pressures of K(g) above the KZCO3—char sample and the pure
K5CO5 sample are plotted in Figure 1 along with the equilibrium lines calculated
from JANAF data (5) for Reactions 2, 6, and 7. The pressures of K(g) above the
mixture of salt with char are intermediate between those for the pure salt and for
the two reduction reactions.
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In a similar manner the vaporization behavior of pure Cs9C03 and mixtures with
Spheron-6 and coal char were lnvestigated. A sample of Cs,CO3 admixed with Spheron-
6 (25 wtZ Cs, mole ratio Cs/C = 0.033) was studied in the temperature range 729-1059
K-+ The major species observed were Cs(g), CO(g), and COy(g), but the COE and the
CO" signals decreased continuously with time (Table 3). CsOH(g) was also observable
in the vapor at very low partial pressures. The temperature dependence of partial
pressures of the observed species above the mixture is given in the order in which
data were taken in Table 3. Successive points at the same temperature demonstrate
the time behavior of the signals for each species. The material removed from the
Knudsen cell at the conclusion of this experiment was pyrophoric.

To provide a clue to the composition of the solid that remained in the cell,
another sample of the Cs)CO;-Spheron—6 mixture was heated in a separate vacuum
system at 800 K overnight. A portion of this vacuum-heated mixture was transfered
into a capillary tube under an argon atmosphere and analyzed by X-ray diffraction.
A crystalline diffraction pattern was observed but could not be identified.

In separate experiments, the equilibrium pressure of Cs above pure Cs,C03,
8 wt% CsyC05 in char, 25 wt% CspCO3 in char, and 25% Cs;C03 in Spheron-6 was
observed. The results of these experiments are plotted in Figure 2, along with the
calculated values for vaporization of the pure solid and for a possible carbothermic
reduction reaction. The pressure of Cs above the Spheron-6 samples is observed to
be approximately one order of magnitude higher than that above the pure salt, while
the Cs pressure over the 8 wt% mixture with char is two orders of magnitude lower
than that of the pure salt. Increasing the weight loading of Cs in the sample to
25% 1is accompanied by an increase of the Cs vapor pressure by an order of magni-
tude. X-ray diffraction analysis of the residual solid removed from the Knudsen
cell revealed the presence of cesium aluminum silicate, CsA1510,, among other
unidentified lines.

In marked contrast to the results for the carbonate-carbon systems, samples of
pure KBr and KBr admixed with Spheron-6 (4 wt%K; mole ratio K/C = 0.014) behaved
identically with respect to the vaporization of K-containing species; KBr
sublimation was the only observable reaction involving potassium in both samples.

Effect of Added Gases

The effects of added Hy0, CO , and COy upon vapor pressure of K(g) above a
Spheron—-6 admixture with K,COg3 was investigated in the graphite Knudsen cell.
Effects on the K' signal 1eve; were studied in the temperature range 900-1100 K.
During addition of the reactant gas the total pressure in the mass spectrometer was
increased by a factor of 10 to approximately 1 x 1077 Pa. Substitution of Ar(g) for
the reactive gases had no effect on the Kkt signal, indicating that there was no
dynamic flow effect on the performance of the Knudsen cell. Addition of CO(g)
caused an immediate, completely reversible Kkt signal depression by 10-20%Z. This
behavior would be expected by the effect of the law of mass action on Reactions 6
and 7. coz(g) addition resulted in immediate depression of the Kt level by 10%Z
followed by a slower decrease as flow continued. When C02 input was discontin¥ed,
only partial recovery of the K* signal level occurred. A similar pattern in K
signal depression was observed upon addition of H,0(g). A blank run, with pure
K,CO, in the graphite cell at 1000 K, exhibited measurable pressures of K(g) and
C%(gg, indicative of some interaction between K2c03 and the cell. wever, the
addition of H,0 or CO, had no effect on levels of COT and H;. The K' signal level
was depressed” by about 157 during H,0 flow, but returned to the same level after the
flow was terminated. The depression of K' during H,0 flow is accounted for in part
by the appearance of KOH' in the effusate at about 1% of the intensity of K'.

57



As mentioned above, KBr(g) was the only K-containing vapor species detected
over an admixture of KBr and Spheron-6. The addition of HpO to the Knudsen cell
gradually depressed the pressure of KBr(g); over a period of 1800 s the KBr* signal
dropped to 50% of its initial value. At T = 945 K in the presence of Hy0, a K
peak, associated with K(g) by 1its appearance potential, appeared in the mass
spectrum and began to grow steadily. Termination of the HZO supply caused this peak
to decrease.

DISCUSSION

Comparison of the equilibrium pressures of K(g) and Cs(g) over the respective
carbonates with those observed over admixtures of the carbonates and Spheron-6 or
char, indicates that there is a strong chemical interaction between the salts and
the carbon at elevated temperature. This Interaction is not simply carbothermic
reduction of the salt, as evidenced by the disparity between the calculated and the
measured vapor pressures of K(g) (Figures 1 and 2). It seems likely that, in the
observed temperature range, a discrete chemical compound is formed with a thermo-
dynamic activity of the alkali metal greater than that of the carbonate but
substantlally below that of the pure element. The Knudsen cell data give no direct
clue to the structure of this solid or liquid phase, but they do suggest that oxygen
is a component because oxygen—containing gaseous species (CO and C0,) are observed
to be in equilibrium with the substance. The suppression of the pressure of
molecular KBr(g) coupled with the appearance of K(g) over a KBr-Spheron admixture
upon the addition of H,0, is further evidence of an essential role of oxygen in the
formation of the compound. The clear X-ray diffraction pattern obtained from the
C52C03-Spheron sample that had been heated under vacuum is indicative of a
crystalline material. This pattern could not be associated with a specific chemical
structure, but it was definitely not produced by CsyCO3, CsOH, Csy0, nmor by a Cs-
graphite intercalation compound. Such structures have been suggested as intermed-
iates in the alkali-metal catalyzed steam gasification of coal chars (2).

At high temperatures in the absence of an external source of oxygen, the alkali
metal Spheron admixtures exhibit a gradual loss of oxygen as evidenced by the
diminution in CO and CO, partial pressures (Tables 2 and 3). Accompanying this
process, the alkali metal partial pressures increase slightly, indicative of an
increase in activity with the change in oxygen stoichiometry. An opposite change
occurs when the mixture is exposed to an oxidizing gas (steam or COZ)-

Based on these considerations, we propose that the chemical species formed by
the interaction of alkali metal carbonates and carbon at high temperatures is a non-
stoichiometric oxide that contains an excess of the metal as ions and also in a
dissolved state. Metal-rich Cs-0 compounds, with stoichiometries corresponding to
Cs40 and Cs;0, have been characterized as crystalline solids at room ambient
temperatures (6). At high temperatures they melt into 1liquid phases comprised of a
higher oxide containing excess Cs (7). Information on the K-O system is available
only for higher oxygen stoichiometries (8), but, by analogy, we would expect all
alkalli metal-oxygen systems to behave similarly.

The role of the alkali metal additive as a gasification catalyst is probably
critically dependent on the formation and action of such an oxide phase. We suggest
that during gasification the catalyst forms a liquid oxide film distributed over the
surface of the char or carbon. (There is considerble evidence that catalyst melting
does occur (10)). The composition of the film is determined by a dynamic balance
between a reducing process at the carbon interface and an oxidizing process at the
surface in contact with the gaseous reactant, H,0 or CO,. At the catalyst/char
interface, the anions in the catalyst react with the carbon to form an intermediate,
such as a phenolate (11) that subsequently splits out CO. The anions are
replenished by reaction between the oxidizing gas and the oxide at the gas/catalyst
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interface. Net transport of oxygen from gas to carbon occurs by diffusion of the
species in the molten catalyst film.

The presence of mineral constituents (typically SiOZ) in most coal chars
complicates this picture by providing an alternative reaction path for the alkali
metal salt additives. The interaction of these minerals with an alkali metal is
illustrated strikingly in the case of the Cs,C0Oy-char admixture. The equilibrium
partial pressure of Cs(g) over this sample is significantly lower than over pure
Cs,C04- Thus, the Cs activity in the solid phase is highly suppressed, as would be
the case 1f it were chemically combined in a very stable compoud, such as the
CsAlSi0, detected in the X-ray pattern of the residue. However, the low intensity
of this pattern considered together with the variation in equilibrium Cs(g) pressure
with the Cs content of the sample (Figure 2), suggests that all the Cs is not tied
up as a discrete crystalline compound of fixed composition. It is more likely that
the Cs is dissolved in an amorphous mineral glass, in which 1its activity is a
function of its concentration.
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Table 1

APPEARANCE POTENTIALS AND RELATIVE INTENSITIES OF
IONS IN MASS SPECTRUM OF KZCOJ

Temperature Neutral 1F(aP + 1 eV)
Ton AP(eV (X) Precursor at 1151 K
K T3 803 1121 X 1035
o3 13.7 £ 0.3 12 €0, 285
cyc03 6.1 £0.3 1153 K,C0y . 0.3
Ky0* 7.8 £ 0.5 1063 KyC04 2.0
k,0* 5.2 £ 0.5 1153 K50 0.032
03 11.9 £ 0.3 1153 0, 33

AMeasured at AP + 2 eV to eliminate the fragment contribution from K,C05.

Table 2

PARTIAL PRESSURES OF CASEQUS SPECIES ABOVE
KZCOJ-CHAR ADMIXTURE AT VARIOUS TEMPERATURES

Partial Pressures (kPa x 10°)

Temperature (K) K(g) Co(g) C09(8)
720 0.001 0.5 0.06
788 0.015 0.24 0.2
871 0.19 1.9 1.56
%09 1.2 38. 15.1
952 5.17 53.1 2.43
978 9.68 - -
875 0.63 1.5 0.22

Table 3

PARTIAL PRESSURES OF GASEOUS SPECIES ABOVE
C52C03-SPHERON-6 ADMIXTIRES

Partial Pressure (kFa x 10-°)

Temperature (K) Cs(G) co(g) €05 (8) (Ca0H(g)
397 0 0 0.16 0
421 0 0 8.01 "
549 0 0 5.22 0
727 0 0 18.4 0
727 0 [ 5.3 0
729 <0.001 0.25 1.56 0
826 0.002 3.14 14.5 0
857 0.002 3.00 4.42 0
886 0.005 3.92 2.13 [}
836 0.014 1.73 0.36 0
935 0.065 9.35 1.43 0.001
936 0.33 3.77 0.11 0.00t
936 0.3t 1.80 0.09 0.001
992 1.41 7.96 0 0.003
1059 4.98 15.50 0 0.005
972 0.76 0.36 0 0.002
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EFFECTS OF CATALYSTS AND COZ GASIFICATION
ON THE ESR OF CARBON BLACK. II.

Kenneth M. Sancier

SRI International
Menlo Park, CA 94025

INTRODUCTION

In a previous paper, we reported some preliminary results of an in situ esr
study of a K,CO3-carbon black mixture as a function of temperature and steam gasi-
fication.[}1” we found that (1) heating the mixture in helium above 600 K produced
irreversible broadening of the esr 1line, which did not occur for carbon black
alone, (2) the broadened line had a shape broader than Lorentzian, and (3) under
steam gasification conditions, the esr line width decreased in proportion to the
steam concentration.

In the present paper, we report further results from in situ esr studies of
(1) the thermal interaction between carbon black and various salts and (2) effect
of CO, gasification conditions. Also, we used the esr technique to provide
information on changes in the electrical conductivity of a sample that may relate
to the mechanisms of the thermal and gasification reactions.

EXPERIMENTAL

The specifications of the carbon black (Spheron-6, Cabot Corporation) and the
esr apparatus have been described. The samples consisted of a mixture of 3 wt%
carbon black 1in a given salt that was mechanically ground with a mortar and
pestle. The only diluent of the carbon black was a given salt. All the salts
were of reagent quality. The amount of sample mixture examined by esr was ad-
justed so that a known mass of carbon black was present, between 3 and 6 mg.

Carbon dioxide gasification was performed by using premixed gases containing
and 0, 4.1, 7.9, and 15.8 volZ COy {in helium. A switching valve was used to
select the desired gas mixture to flow over the sample 1in the quartz reactor
mounted in the high temperature esr sample heater.

The techniques for measuring changes in the relative electrical conductivity
of a sample resultin from temperature changes or chemical changes have been
described elsewhere.[zﬁ Briefly, a change in electrical conductivity of a samp}e
is approximately proportional to two electrical conductivity parameters, AL,
and AID, that can be measured during an esr measurement. Ip is the peak height of
the resonance signal of a reference sample (0.1% pitch in KCl, Varian), which was
situated in the auxiliary cavity of a dual rectangular cavity (TEIOA'); the sampyle
was sltuated in the other cavity, which has the sample heater accessory. AIP
calculated from the differences in the values of Il_’ referring to two different
conditions of the sample, e.g., temperature. In is the blas current of the
crystal diode detector of the microwave bridge, and AL 1s the change 1in this
current resulting from a change in the electrical conductivity of the sample. By
connecting a recorder to the crystal diode current meter, 1t was possible to
record AID as a function of time during gasification experiments. The parameter
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AL ! is suitable for measuring relatively large changes 1in electrical conducti-
Vig)’, such as those arising from heating a sample. The parameter AID is useful
for following smaller changes in the electrical conductivity of a sample, e.g.,
arising from a chemical change associated with CO, gasification.

Free radical concentrations were measured by using a computer to store the
esr data and to calculate the first moments of the first derivative curves. The
results were normalized for cavity sensitivity using Ip, galn, rf modulation
amplitude settings (typically 0.1 mT), and mass of carbon. Microwave power inci-
dent on the sample cavity was 1 mW.

RESULTS

For convenience, the results of the in situ esr measurements made on several
salt—carbon black mixtures will be subdivided Into two parts: thermal effects and
CO, gasification effects.

Before each series of esr measurements with a given sample, oxygen was
desorbed from the carbon by heating the sample in the esr reactor cell at about
500 K for 5 min while helium flowed through the cell. The value of the esr line
width measured at room temperature was about 7.0 mT (70 gauss) before the desorp—
tion and about 0.15 mT after the desorption. The esr line was symmetric for all
the salt-carbon black mixtures.

Various samples were tested for microwave power saturation, and none was
detected for sample temperatures examined in the range from 290 to 800 K and for
microwave power levels incident on the sample in the range of 0.1 to 40 MW; the
upper value was limited by the electrical conductivity of the samples.

Thermal Effects

The thermal interaction between a salt and carbon black heated in helium were
investigated by studying a series of potassium halide-carbon black mixtures.
Alkali metal halides are less active catalysts than K,C0; for gasification of
carbonaceous materials.[3:4] For comparison, a K,CO, carbon black wmixture was
included. Also included was a mixture of carbon black with Ca0 which is expected
to be a relatively poor gasification catalystl~’» and has relatively low
electrical conductivity at elevated temperatures. Hence, the Ca0 serves as a
diluent to decrease microwave skin depth effects so that the esr properties of
carbon black alone can be studied.

To determine the effects of heating the mixtures in helium we measured three
esr parameters_lsimultaneously: variations in the free radical concentration, line
width, and AL . Measurements were made at successively higher temperatures
(Figures la and 2a), but before progression to each next higher temperature, a

measurement was made at 290 K (Figures 1b and 2b).

The free radical concentrations uncorrected for Curie's law were essentially
independent of both the measurement temperature and the type of salt, within the
accuracy of these measurements The values of Ip, which were used to normalize the
free radical concentrations for changes in cavity sensitivity, varied by a factor
of about 10 over the temperature range studied, indicating the importance of such
a correction.
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The esr line width began to increase at temperatures above 850 K, and the
magnitude of the increase was strongly dependent on the anion of the salt (Figure
la). When the sample was cooled to room temperature the line width decreased. An
irreversible effect is evident by the fact that a significant fraction of the line
broadening produced at higher temperatures was retained upon cooling the samples
(compare Figures la and 1b). 1In general, the effect on line width and the magni-
tude of the irreversible effects for the salts decreased in the following order:
KBr = KC1 = KI > K2C03 = KF > CaO.

The electrical conductivity parameter, AI_]‘, generally increased with heating
temperature, and with few exceptions was almost independent of the type of salt
mixed with carbon black (Figure 2a). The results of the measurements at 290 K,
after cooling from a given higher temperature, also indicate that an irreversible
increase in the electrical conductivity for some salts had been produced thermally
(compare Figures 2a and 2b). Measurements on two salts, K,COq or KCl, in the
absence of carbon black show that the AI}', parameter has a very small temperature
dependence, 1increasing less than 10% as the temperature was raised from 300 to
1200 K.

Comparison of Figures 1 and 2 suggests that there is a qualitative similarity
in the, way the heating temperature affects the two parameters line width
and AI_". A test of the relationship between line width and AI.® is shown in
Figure 3, which i1s a replot of the results in Figures la and 2a. e curves drawn
in Figure 3 indicate that line width has a monotonic relationship to AI; > but
that the functional dependence may be different for different salts.

C0, Gasification Effects

At elevated temperatures when He gas passing over a sample was switched to He
containing CO, (15.8%), the 1line width decreased and the free radical concen-
tration increased as shown in Figures 4 and 5, respectively. Before the CO,
gasification measurements, the sample was thermally equilibrated at a given tem—
perature for about 20 min. However, the line width and free radical concentration
continued to change slowly, probably the result of slow irreversible changes
caused by CO, as discussed above. Therefore, to separate the slow thermal changes
from the rapid changes produced by CO,, we switched the gas flowing over the
sample at a given temperature, 800 or B850 K, back and forth between He and He
containing COy-. The sequence of the measurements is indicated by the numbers
beside the data points 1in Figures 4 and 5. These results show that CO?_ had a
greater effect at the higher temperature for both line width and free radical
concentration. Also, at a given temperature the magnitude of the effect tended to
become limited at concentrations of C0, greater than about 4%; e.g., see the line
width dependence at 850 K 1in Figure 4. This behavior 1s probably due to a
diffusion-limited process.

It was of interest to determine whether COy gasification conditions altered
the electrical conductivity of the sample, but the electrical conductivity para-
meter, AI; ,» exhibited a very small and almost imperceptible response. Therefore,
the more sensitive electrical conductivity parameter, AI_ , was used. The
recorded value of AL is shown in Figure 6, which shows the changes that occurred
as the gas passing over the sample at 855 K was switched between He and 15.8 ¢ Co,
in He. Although the sample was initlally in He the positive slope of AI_ in-
dicates that the sample was not stable although it had been thermally equili-
brated. However, it is clear from the recording that C02 caused the value of AID
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to decrease (electrical conductivity decrease) and that subsequent exposure to He

caused the value of AID to increase.

The observed values of the 1line width are marked in Figure 6 at three points
in time. The results show that the line width changed reversibly when the sample
was alternately exposed to He and CO0,. Also, the decrease in line width corre-
lates with the decrease in the electrical conductivity of the sample, as was the
case in the study of thermal effects discussed earlier.

When carbon black alone and mixtures of carbon black with the potassium
halides or with Ca0 were exposed to C02 gasification conditions at 850 K, very
small or no changes were observed to occur in line width, free radical concen-
tration, or in electrical conductivity (AID).

The correlation between an increase in the value of AI and an irl(itease in
electrical conductivity was established by noting that both%ID and AI changed
in the same way for large enough changes in electrical conductivity, e.g., as
produced by an increase of sample temperature.

DISCUSSION

In the previous paper[]'] some suggestions were made to account for those
changes occurring in the esr spectra due to a thermal interaction between carbon
black and K,C0, and due to steam gasification. The additional experimental infor-
mation obta%ne in the present esr study, pertaining to various other salts and a
study of CO, gasification, provides a broader basis for interpreting the mecha-
nisms of the thermal and gasification reactions.

Thermal Effects

Two mechanisms were suggested[]'] to account for the esr line broadening resulting
from heating a mixture of salt and carbon black: (1) 1increased electrical con-
ductivity and (2) unresolved hyperfine splitting (hfs) due to an interaction
between the magnetic moment of the unpaired electron and that of the nucleus of
the cation of the salt. The current results suggest that the increase in line
width is related to the increase in the electrical conductivity because of the
observed proportionality between the line width and the change in the electrical
conductivity parameter for a series of salt—-carbon black mixtures heated to var-
ious temperatures (Figure 3). In the following discussion, the relationship
between these two parameters is examined in detail.

We postulate that some sort of complex is formed between certain salts and
carbon black to account for the increase in the electrical conductivity and esr
line width resulting from heating mixtures of salts and carbon black being
significantly greater than the 1increase when the individual components are
heated. Generally, an Iincrease in electrical conductivity is due to an increase
in the concentration or mobility of the charge carriers. Since the free radical
concentration of the salt-carbon black mixtures was insensitive to temperature, it
appears that charge carriers (conduction electrons or holes) are mainly respon-
sible for the observed esr signal, whereas m-electrons would obey Curie's law. If
the esr measurements detect all the charge carriers, then the observed increase of
the electrical conductivity with increase in temperatue is due mainly to an
increase in charge carrier mobility.
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We propose a series of reactions to account for the effect of the electronic
properties of the solid. First, elemental metal atoms are produced by carbon
reduction of the cation of the salt (e.g., K'); Second, an extended aromatic
structure develops by loss of hydrogen and polymerfzation of the carbonaceous
material,”’ ] and this polymerization could possibly be catalyzed by a salt or a
metal atom. Third, a complex is formed between an aromatic structure and the iong
or atoms of the salt. For example, such a complex could involve metal ions or
atoms which (1) substitute for the hydrogens of CH or OH groups of the aromatic
structure,[gl (2) 1interact electrostatically with the m-orbitals of the extended
aromatic structure, or (3) form a kind of intercalation compound with the
available graphite-like structures, although such compounds are usuvally not
expected to be stable at gasification temperatures. ’

For most salts studied, the changes in the esr parameters are largely irre-
versible, indicating that the salt-carbon black complex 1s stable. The greater
effects produced by the alkali metal salts than by CaO or A1203[1] are probably
due to the greater ease with which carbon can reduce the alkali metal cations.

Based on the concepts suggested above, we propose that the observed line
broadening results from relaxation effects that occur 1in the salt-carbon black
complex when the unpaired electrons observed by esr experience the inhomogeneous
fields developed near the sites at which a salt (e.g., the metal atom or cation
and the anion) interacts with the aromatic carbon structure. Since these sites
are nonuniformly distributed, the unpaired electrons in a conduction band or in
n-orbitals experience different environments, resulting in inhomogeneous broa-
dening of the esr 1line. The observed 1line shape, which 1s broader than
Lorentzian, probably results from a superposition of two or more lorentzian lines
representing different environments.

Gasification Effects

Gasification by either steamll] or C02 of a salt-carbon black sample results
in the same qualitative changes In the three esr parameters: a decrease in the
line width, a decrease in the electrical conductivity, and an increase in the free
radical concentration. Therefore, 1t appears that a single mechanism could
account for the changes in the esr spectra that occur during gasification condi-
tions.

We suggest that steam or CO, reacts with the salt—carbon complex and frag-
ments carbon—carbon bonds of aromatic rings. As a result, the unpaired electrons
will experience a decreased resonance path and less interaction with the atoms or
ions of the salt that were associated with the aromatic ring before fragmenta-
tion. In other words, the unpaired electron will experience fewer regions with
inhomogeneous fields, and therefore the esr line width should decrease.

Also as a result of the fragmentation of the aromatic rings the steady-state
concentration of free radicals will be Increased. Although these free radicals
are probably unstable and will react with CO0y or polymerize to produce a more
stable structure, other radicals will be produced continuously by the gasification
reaction.

The in situ esr results clearly indicate that for a salt to promote catalytic
gasification, both the cation and anfon of a salt must interact with the carbon
structure. That 1is, switching to CO, gasification conditions caused changes in




the esr parameters only for salts with catalytic activity, e.g., salts with an
alkali metal cation and a non-halide anion. Evidently, the character of the salt-
carbon complex determines catalytic activity.

However, the changes in the esr parameters produced by thermal effects do not
appear to correlate with the catalytic activity of the salts. For example, large
increases 1in both line width and electrical conductivity occurred upon heating
mixtures of carbon black with either of two salts, K2C03 or KCl1, which have widely
different catalytic activities.

To elucidate the mechanism of catalytic gasification, we plan to consider the
information developed by esr along with that obtained by other techniques being
pursued in our laboratory.
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CONTROLLED ATMOSPHERE ELECTRON MICROSCOPY STUDY OF THE
K,C05 - CATALYZED GRAPHITE - H,0 REACTION

C. A. Mims, R. T. K. Baker, J. J. Chludzinski,

Exxon Research and Engineering Co.
P.0. Box 45, Linden, NJ 07036

and

J. K. Pabst

Exxon Research and Engineering Co.
P.0. Box 4255, Baytown, TX 77520

Controlled atmosphere electron microscopy has provided unique
insight into the details of the mode of catalytic attack of carbons by
reactive gases (1). Many of the systems investigated show graphite
gasification to occur at the interfaces between discrete catalyst particles
and edges of the graphite layer planes. Graphite is removed in these cases by
the formation of channels through the graphite sheets. Some catalysts (e.g.
Mo (2)) display increased tendency to wet the reactive graphite surface and
therefore exhibit a stronger interaction.

Alkali salts are perhaps the best known catalysts for gasification
of carbon and have been extensively studied. Several investigators have
provided evidence that potassium salts react readily with the carbon substrate
to form surface salt complexes (3). We undertook this study in part to see if
the morphology of K,C03 - catalyzed attack would reflect this strong surface
bonding.

EXPERIMENTAL METHOD

A1l experiments were performed in the controlled atmosphere
microscope (4). Pure, thin specimens of Ticonderoga graphite were mounted on
heating stages and impregnated by a fine mist of 0.1% K,C03 solution. Water
vapor was admitted to the controlled atmosphere cell from a wet argon
stream. The behavior was monitored as the sample was taken by steps through
heating and cooling cycles to temperatures as high as 800°C. Higher
temperatures than this were avoided to minimize the amount of catalyst
vaporization., Several successful runs on different samples make up the data

base.
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RESULTS

Initial_heating cycle in H,0

We paused for sufficient time (15 min) at each temperature during
the initial heating program to detect slow changes in the specimen and
catalyst morphology. Up to temperatures of 550°C the only change noticed was
the gathering of particles of KZCO on the edge of the specimen (see Figure
la). The particles generally had %iquid-like shapes with contact angles
sugestive of attractive (wetting) interaction. When the temperature was
raised above 550°C the particles slowly, or more rapidly at higher
temperature, disappeared from the graphite edge. The sequence of photographs
in Figure 1 shows this occurrence over the span of approximately 2 minutes at
670°C. That catalyst remained on the specimen after the particles disappeared
was shown by the subsequent gasification behavior of the graphite. Therefore
we believe that the disappearance of the particles reflects spreading of the
salt to a thin film on the graphite surface rather than evaporation.

Onset of gasification

Almost simultaneously with the disappearance of the catalyst
particles, attack of the edges of the graphite specimen became evident. The
edges began receding at many places along the entire edge, at first showing as
a series of irregular notches. Soon the notches took on a hexagonally
facetted appearance (see Figure 2). The rate of edge recession at 550°C was
too slow to be readily apparent in real time but increased with increasing
temperature. The rates were much faster than the uncatalyzed rate at the same
conditions, reflecting the fact that catalyst had remained on the sample. The
edge recession eventually involved the entire specimen edge with hexagonal
faceting throughout.

We analyzed films of the experimental runs to derive rates of edge
recession. Reactive edges exhibit a reproducible and characteristic recession
rate which is general for all features on a given sample. These rates for one
run are plotted in Figure 3. Data are shown for both increasing temperature
sequence and decreasing temperature sequence. We observed no hysteresis in
the rates for a complete cycle of temperature.

DISCUSSION

The morphology of the KoC03 catalyst during gasification is striking
confirmation of strong interaction betwen the catalyst and the edges of the
graphite lattice. The interfacial bonding is strong enough to compete with
the cohesive bonding within the bulk salt and effectively disperse the
catalyst along the active edge. Surface salts groups such as phenoxide
analogs have been identified on less ordered carbons impregnated with alkali
catalysts and quenched from gasification conditions (3c). These surface salts
are though to be responsible for the high dispersion of alkali catalysts on
carbons such as coal char and also explain the reproducibility of the
catalytic effect of potassium salts on these materials.
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Hexagonal faceting of the gasifying graphite edge reflects a
preferential reaction of one crystallographic orientation over another. J. M.
Thomas exploited this feature very elegantly in optical microscopy (5). The
facets in this study are aligned parallel to the <1120> set of crystal
directions. This can be determined by noting the orientation of the facets
with respect to twin bands along the <1010> direction which are usually
present in graphite specimens. One such twin boundary appears in Figure 2.

The K,C03 catalyzed reaction thus exposes the “zig zag" presentation yasp~y~p~
of the surface. This orientation must be less reactive than other

orientations, for example the "armchair" or -(—Sh.(-\_('“;_('a_
configuration. This is perhaps not surprising in that the <1120> orientation
presents one uncondensed carbon atom per ring exposed at the edge whereas the
<1010> orientation presents two uncondensed carbons together. The latter
might a priori be expected to be the more reactive and would explain the
results obtained here. Thomas did see a dependence of the orientation of etch
pits in the graphite-O2 reaction on reaction conditions.

The activation energy derived from the edge recession data (35
kcal/mol) is lower than that observed by McKee and Chatterji for K2C03 on
graphite (52.2 kcal/mol (6)). Direct comparison is difficult because in
neither study is the reactant gas composition (particularly the Hy partial
pressure) well characterized. Furthermore very different pressures were used
in the two studies.

CONCLUSIONS

We have seen microscopic evidence of strong interaction between
potassium catalyst and the reactive edges of graphite. This interaction is
thought to be driven by the formation of surface salt bonds. The spreading of
the catalyst which results from this strong interaction provides high

dispersion and efficient use of the catalyst. The hexagonal facetting
provides additional insight into the reactivity of proposed surface ensembles.
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LOW TEMPERATURE METHANE PRODUCTION BY THE CATALYZED REACTION OF

GRAPHITE AND WATER VAPOR

F.Delanny, w. T Tysoe, G. Yee, R. Casanova, H. Heineman and G. Somarjai

Materials & Molecular Research Division
Lawrence Berkeley Laboratory
and
Department of Chemistry
University of California
Berkeley, California 94720

The gasification of carbon (coal) by reaction with water vapor is usually con-
ducted at a temperature higher than 1200K. This reaction exhibits an apparent acti-
vation energy of the order of 50 kcal/mole. It is catalyzed by various salts of
alkall metals, especially potassium [1,2]. At these high temperatures, the main
products are CO and Hy, according to the reaction

C + Ho0 ----> Ho + CO ¢))]

The simultaneous production of CH; has also been reported [3) especially when the
reaction temperature is lowered. The relatively high temperature would, however,
facilitate the decomposition of most hydrocarbons that could have been produced.

Our research is focussed on finding suitable catalysts for the low temperature
production of low molecular weight hydrocarbons from the reaction of carbon (coal)
with water vapor. It has been reported recently that potassium hydroxide, potassium
carbonate and several other alkali metal hydroxides catalyze the production of methane
in the temperature range from 500 to 600K with an apparent activation energy of about
11 kcal/mole [4]. 1In order to gain more insight into the mechanism of this produc-
tion, this study has been extended by

1) wusing two different reactors to accomodate either graphite single crystals
or graphite powder,

i11) extending the temperature range up to 1075K,
i11) varying of the reactor vapor pressure, and
iv) 1investigating other catalysts: calcium oxide and transition metals.

Graphite single crystals were obtained by cleavage from a larger plece of highly
oriented pyrolytic graphite (HOPG) from Union Carbide Corporation. They were mounted
on the manipulator of a UHV system, in firm contact with a gold foil that could be
heated resistively. The sample was accessible to surface analysis by AES, XPS, ion
sputter cleaning and mass spectrometry. It could also be isolated within a high
pressure cell where it was exposed to water vapor and/or other gases for chemical
reaction. The products were analyzed by gas chromatography. This apparatus has
been described in more detaill elsewhere [4].

*On leave from the Groupe de Physicachimie Minerale et de Catalyse, Universite
Catholique de Lauvoin, Belgium.
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Pure graphite powders were reacted with water in a fixed bed reactor made of a
quartz tube 4 min. ID containing about 0.4 g of sample fixed between two glass wool
plugs. A carrier gas (usually nitrogen) was saturated with water vapor by bubbling
through a water container where the temperature could be adjusted from 30°C to 95°C
in order to vary the water vapor pressure. The flow rate could be varied between
4 and 20 ml/min. At the outlet of the reactor, the water vapor was condensed in a
copper coll maintained at the melting ice temperature. Care was taken to avoild the
condensation of water 1n other parts of the apparatus. The products were analyzed
by gas chromatography.

The potassium hydroxide catalyzed reaction was studied from 525 to 1075K under
a water vapor pressure ranging from 20 to 600 torr. The production of methane exhi-
bited the same apparent activation energy of about 12 kcal/mole within the whole tem-
perature range. This suggests tbat the catalytic mechanism involved remains the same
at high temperature and has no relation to the (simultaneously occurring) reaction

(1). The methane production appeared also to be first order with respect to the water

vapor pressure.

Calcium oxide was also tried as catalyst in the temperature range 623-873K [5}.
Single crystal graphite samples were impregnated with IM solution of Ca(NO3)2 and
dried in air. CaO was obtained from the decomposition of Ca(NO3)9 at the temperature
of the reaction. No methane was detected when the sample was exposed only to 22 torr
of H20 and 730 torr of helium. XPS analysis showed, however, the appearance of a new
peak at a binding energy of 290 eV. Methane was readily detected when the sample was
subsequently exposed to 1 atm H at the same temperature. The intensity of the peak
at 290 eV decreased simultaneously with increasing time of reaction with hydrogen.

We tentatively attribute this peak to a new form of active carbon that is hydrogenated

to CH4 by Hp. A steady rate of production of methane was obtained when reacting the
sample in a mixture of 22 torr of H0 and 32 torr of Hyp. This reaction had an appar-—
ent activation energy of 16.3 kcal/mole and exhibited a first order dependence on

the hydrogen pressure.

Alkali and calcium catalysts do not produce organic molecules other than methane
under our experimental conditions. Studies are now in progress to determine if the
combination of these catalysts with transition metal compounds could be utilized to
produce higher molecular weight hydrocarbons.

This work 1s supported by the Director, Office of Energy Research, Office of
Bagic Energy Sciences, Materials/Chemical “ciences Division of the U.S. Department
of Energy under Contract DE-AC03-76SF00098.,
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INTRODUCTION

One of the major problems of coal science is that very little is known about
the basic properties of the various macerals that make up coal. Two of the main
reasons for this lack of knowledge about the properties of coal macerals is that
they are extremely difficult to separate from coal and that they are non-crys-
talline organic compounds and, therefore, not good subjects to analyze with such
standard methods as x-ray diffraction or electron-microprobe analysis. Some of
the most successful characterization of coal macerals to date has been by petro-
graphic methods, in which the individual macerals do not have to be separated. In
the steel industry, for example, petrographic techniques have proven so successful
in allowing the prediction of the coking properties of coal that most major steel
companies have now established petrographic laboratories. Another petrographic
technique that has only recently been applied to coal analysis is qualitative and
quantitative fluorescence microscopy. With this technique, the visible fluorescent
light excited from the macerals reveals shapes, textures and colors not visible in
normal white-light viewing. The technique also yields quantitative spectra that
are characteristic of both the individual maceral type and the rank of the coal.
It is now also well established that all of the liptinite macerals (derived from
the resinous and waxy parts of plants) and some of the vitrinite macerals will
fluoresce, and that some recently discovered liptinite macerals can only be
identified by their fluorescence properties. Some of the first measurements of
the absolute intensity of fluorescence of coal macerals at specific wavelengths
were made by Jacob (1,2). Relatlve intensity measurements of fluorescent spectra
of modern plant materials, peats and coals have been reported by van Gijzel (3,4,5).
Teichmuller (6,7,8) described three new members of the liptinite group of macerals
in part by demonstrating their distinctive spectral properties. Ottenjann,
Teichmuller and Wolf (9) illustrated the correlation of changes in fluorescence
spectra of sporinite with rank, and Crelling and others (10) and Crelling (11)
have demonstrated the use of fluorescence spectra to discriminate macerals. In
addition, Ottenjann, Wolf, and Wolff-Fischer (12) have been able to relate the
fluorescence spectra of vitrinite macerals to the technological properties of
coal, These studies have shown the potential of using fluorescence measurements
in the study of liptinite and vitrinite macerals.

EQUIPMENT AND METHODS

The fluorescence microscopy system used in the SIUC Coal Characterization
Laboratory is a Leitz MPV II reflectance microscope which is fitted with a 100
watt mercury arc lamp, a Ploem illuminator and a Leitz o0il immersion 40X objective
with a 1.3 numerical aperture. For spectral measurements the light from the
mercury arc passes through a UGl ultra-violet filter to a TK400 dichroic mirror
which reflects light less than 400 nm to the sample. The fluorescent light excited
from the sample is passed through a 430 nm barrier filter to a motorized inter-
ference wedge in front of the photometer. The interference wedge controls the
wavelength of the fluorescent light hitting the photometer so that the intensity
variations from 430 to 700 nm can be scanned and recorded in about 40 seconds.
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The spectral data are then fed into a computer from the microscope system and
digitized, corrected and analyzed. Each spectrum is corrected for the effects of
background fluorescence and for the effects of the microscope system, especially
the sensitivity of the photo-multiplier tube, following correction procedures
described by van Gijzel (13). For comparison the various spectra are normalized
and reduced to a number of parameters such as: 1) the wavelength of maximum
intensity peak (Amax); 2) the red/green quotient (Q) where Q = relative intensity
at 650 nm/relative intensity at 500 nm; 3) the area below Amax; 4) the area above
Amax; 5) area blue (430 to 500 mm); 6) area green (500 to 570 nm); 7) area yellow
(570 to 630 nm); and 8) area red (630 to 700 nm).

RESULTS AND DISCUSSION

In coals of the Illinois Basin, standard white-light petrographic methods
generally reveal three types of liptinite macerals, resinite, sporinite and
cutinite. These macerals are identified on the basis of their petrographic pro-
perties such as reflectance, size, shape and texture. When qualitative fluo-
rescence analysis 1s used, the fluorescence colors and intensity commonly reveal
an additional maceral, fluorinite, When fluorescence spectral analysis is used,
the spectral data distinguish these four types of liptinite macerals plus addi-
tional varieties of resinite, sporinite and cutinite. Also, altered or weathered
varleties of these macerals can be distinguished in some coals. For example,
spectral analysis of the various liptinite macerals in samples of the Herrin (No.
6) coal seam with a reflectance of 0.65% (in oil at 546 nm) showed distinctive
spectra for the macerals fluorinite, resinite, sporinite and cutinite. 1In this 4
case, the spectra were assigned to maceral groups on the basis of the petrographic
identification of macerals from which the spectra were obtained. When the groups
of spectral data for each maceral type were subjected to discriminant function !
analysis of the eight different parameters for each spectrum, the maceral types
were well separated. From this analysis it was easlly seen that there were two /
different groups of resinite macerals. Thus, the statistical analysis of the
spectral parameters of the macerals revealed two varieties of the resinite maceral
group that could not be readily distinguished by hormal petrographic means. The 7
average spectra of the various maceral types distinguished by the discriminant
function analysis are plotted in Figure 1. The combined results of maceral
analyses in both white-light and fluorescent light as well as the reflectance
value for the Herrin (No. 6) coal are given in Table 1.

Table 1.

RESULTS OF COMBINED WHITE-LIGHT
AND FLUORESCENT LIGHT PETROGRAPHIC ANALYSES

Coal Seam Herrin (No. 6) Brazil Block Hiawatha

Reflectance (in oil

at 546 nm) 0.65 0.58 0.52
Vitrinite 65.1 56.3 73.7
Pseudovitrinite 19.8 8.7 7.8
Fluorinite 0.3 0.2 0
Resinite 0.1 0.7 6.9
Sporinite 3.0 14.1 0.5
Cutinite 0.4 2.0 0.8
Amorphous Liptinite 1.8 4.2 1.0
Semi~fusinite 5.7 4.9 4,2
Fusinite 2.1 3.4 1.3
Micrinite 1.7 5.5 3.8
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In a study on the fluorescence properties of the Brazil Block seam, a some-
what different approach was used. In this case, about a hundred individual spectra
were taken on all fluorescing liptinite macerals. Although the macerals from
which the spectra were taken were not identified at that time, photomicrographs
in both normal white-light and fluorescent light were taken for documentation.

The spectral parameters for each spectrum were calculated and these data were
subjected to cluster analysis to generate groupings of spectra on the basis of the
spectral parameters. When these groups were identified they were subjected to
discriminant function analysis to test degree to which the groups could be sepa-
rated on the basis of their spectral parameters. It was found that seven groups
could be distinguished. The basic petrographic data for the Brazil Block coal
seam are given in Table 1 and the average spectral parameters for each group are
given in Table 2. When the macerals from which the spectra were taken were
identified from the photomicrographs, it was found that each group corresponded to
a separate maceral type or a variety of a maceral type. There was one type of
fluorinite, one type of resinite, three types of sporinite and two types of
cutinite. While this correspondence of maceral types and varieties to statistical
groupings of spectral data was not unexpected, it is further confirmation that the
spectral parameters of macerals are unique to maceral type and variety.

Table 2.

SPECTRAL PARAMETERS OF AVERAGE SPECTRA
OF THE BRAZIL BLOCK COAL SEAM

Sporinite Cutinite
Parameter Fluorinite Resinite I I1 I1I I II
Peak (nm) 480 520 550 590 690 610 650
Red/Green Quotient 0.32 0.58 0.85 1.00 1.22 1.47 2.27
Area Blue (%) 37 19 16 14 13 12 7
Area Green (%) 38 43 36 34 31 32 29
Area Yellow (%) 15 23 25 28 26 28 29
Area Red (%) 10 15 23 24 30 28 35
Area Left of Peak (%) 21 33 40 53 93 59 60
Area Right of Peak (%) 79 67 60 47 7 41 40

An interesting result of this analysis 1s that one of the sporinite varieties

and one of the cutinite varieties distinguished by statistical means showed
petrographic evidence of alteration (weathering). Because the coal sample itself
was collected from a fresh exposure at an active mine, it appears as 1f the
weathered maceral varieties were weathered before they were incorporated into the
peat that was later coalified.

The results of these two studies show that fluorescence spectral analysis can
distinguish on a quantitative basis the various types of liptinite macerals and,
indeed, even varieties of each type. That the various spectra are unique to the
individual macerals is further indicated by the recurrent order of the spectral
parameters, especially the wavelength of maximum intensity (Amax) and the red/
green quotient in any given coal. For example, as shown in Figure 1 for the Herrin
(No. 6) seam and in Table 2 for the Brazil Block seam the order of the maceral
types on the basis of increasing Xmax and Q is fluorinite, resinite, sporinite and
cutinite. It should be noted, however, that as the rank of coal increases, all of
the spectral peaks shift toward longer wavelengths and diminish in intensity and
are thus difficult or impossible to distinguish from each other. Weathering of
the macerals has a similar effect.
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However, even when macerals have been altered by increases in rank, or weathering,
or other processes, fluorescence microscopy can sometimes still be quite useful in
characterizing coal macerals. For example, in some coal seams in the western U,S,
there 1s an abundance of resinite. In fact, the resinite is being extracted from
some of these coals and commercially exploited as a chemical raw material. 1In
these seams the resinite most often occurs as a secondary material, filling
fissures and voids in the coal. Numerous flow textures, inclusions of coal in
resinite veinlets, and intrusive relationships throughout coal seams indicate that
the resinite was mobilized at some point in its history. These secondary resinites
are often difficult to detect in normal white-light viewing, however, they all tend
to fluoresce strongly in a variety of colors and are therefore, quite amenable to
fluorescence analysis. When samples of the Hiawatha seam from Utah are so examined,
four types of secondary resinites, each with a different fluorescence color -- green,
yellow, orange, red-brown -- are seen. Each type has a spectra that is distinctive
and the various types can also be statistically separated on the basis of their
spectral parameters. The average spectra of the four resinite types are shown in
Figure 2 and the basic petrographic analysis of the sample from the Hiawatha seam
is given in Table 1. It should be noted that at this time the only way to distiguish
the various types of secondary resinite is with fluorescence microscopy. Work is
now underway to separate these various resinite types and chemically characterize
them.

SUMMARY

Although the characterization of coal macerals on the basis of their fluo-
rescence spectral 1s a recent innovation, it has already proven to be an excellent
fingerprinting tool for the various macerals. In some cases, it is even more
sensitive than normal petrographic analysis. The initial results of fluorescence
spectral studies show that the various fluorescent macerals 1n single coals can be
statistically separated on the basis of their spectral parameters and that even
varieties of one type of maceral can be so separated. Although the spectra obtained
at this time are rather broad and not suitable for chemical structure analysis, the
potential for structural analysis exist and may be realized with improvements in
instrumentation.
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Figure 1. Average fluoreecence spectrum for various macerals in the Herrin (No. 6) coal seam:
1) fluorinite; 2) low-peaking resinite; 3) high-peaking resinite; 4) sporinite;
5) cutinite. Vitrinite reflectance of the seam is 0.65%.
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Figure 2. Average fluorescence spectra of resinite macerals in the Hiawatha seam,
Utah after Crelling, et al. (10)
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MICROSCOPIC INFRARED SPECTROSCOPY OF COALS
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Introduction

Most IR (infrared) spectroscopy of coal involves the use of finely crushed
particles. Techniques in common use include incorporating the particles in
potassium bromide disks (1) or slurrying them in a hydrocarbon 0il such as Nujol
(2). Such particulate samples generally include a wide range of types of vitrinite
and other macerals which are derived from different plants (such as trees, bushes,
and grasses) and from various parts of each plant (such as trunks, stems, roots,
leaves, etc). In addition, inorganic substances of various types and degrees of
dispersion are generally mixed in. Because of their different derivations, the
various organic plant remnants are likely to have different physicochemical
characteristics; however, because of the intimate mixing of these subcomponents,
which usually occurs on a microscopic scale, it is difficult to separately
characterize the different maceral components. In particular, IR spectra obtained
on pulverized coal samples give averaged information rather than being
characteristic of any individual component in the coal. A few techniques have been
utilized in the past to overcome this problem. These include the hand separation of
macerals (3,4), sink-float techniques, and the recently developed method of
centrifugal separation of very finely pulverized coal (5). These preparation
techniques provide a mixture of material which is highly enriched in a selected
maceral type. These maceral concentrates can then be analyzed by a variety of
chemical procedures. The averaged properties of a maceral type can be characterized
using these procedures, but they do not enable the IR analysis of individual
microscope macerals.

The particulate samples of coal used for infrared analysis must be finely
ground because of the high absorbance of the coal. The particles must be less than
roughly 20 micrometers thick {depending on the rank) for substantial transmission of
the IR radiation in the more absorbing regions of the spectrum. The small particles
of coal cause considerable scattering to appear in the IR spectrum. Other
complications are the differences in the thicknesses of the various particles of the
sample, and the variations in thickness along each particle. For example, the
thinner edges (with respect to the il1luminating beam) of the particles will be more
transparent than the central regions, so the volume of the particles may not be
sampled uniformly. This can be a problem for a heterogeneous material such as
coal. Thin section samples of coal having a relatively uniform thickness of 20
micrometers or less have been used occassionally in the past (6). However, the
difficulties in preparing these thin section samples and problems of contamination
with the adhesives used in the preparation of the sections (7) has limited their
usage. Also, because the cross sectional area of the samples must be several square
millimeters or more for analysis with most IR spectrometers, microscopic components
of the thin sections can not be individually analyzed.

In this paper a technique for the IR spectroscopic analysis of individual
microscopic components in coal is described. This method combines new procedures
for preparing uncontaminated thin section specimens of coal with a sensitive IR
microspectrophotometer which has recently become commercially available. Details of
this new technique are discussed and some representative spectra are described.
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Experimental

The coal used in this study was I11inois No. 6 which is a high volatile
bituminous coal. To prepare thin sections, a chunk of coal about 1.5 cm across was
cut perpendicular to the bedding plan to produce a roughly flat surface. This
surface was ground smooth on a 20 cm diameter wheel using 600 grit and then 8
micrometer silicon carbide on disks. The flat surface was cemented to a glass slide
with a thermoplastic hydrocarbon-based adhesive (Paraplast, manufactured by the
Lancer Company)} which is soluble in hexane. A temperature of about 70°C was used in
melting and applying the adhesive. The coal was exposed to this temperature for
only about a minute before cooling was started. The coal on the slide was ground to
a thickness of 15 micrometers using the abrasives described above. The sample was
then soaked in hexane at room temperature until the thin specimen floated off of the
slide. The sample came off as a number of small pieces of various sizes from less
than a millimeter across to several millimeters long. Although no residual adhesive
could be observed on the pieces of coal, to insure complete removal of the adhesive
the samples were immersed in a large excess of fresh solvent for several days. Then
the hexane was decanted off and the specimens were stored in nitrogen at room
temperature until they were used.

The microscopic infrared spectrophometer used in this work (NanoSpec/20IR
manufactured by Nanometrics Inc.) operates in transmission and contains reflecting
lenses. Because of the reflecting optics, the visual and IR images of the sample
correspond and the region of the sample being analyzed can readily be identified
visually while it is in place in the IR microscope. This enables unambiguous
correlation of visual microscopic characterization and IR analysis for the same area
of the sample. The condenser and the objective of the microscope are both 15 power,
0.28 numerical aperature reflecting lenses. The part of the sample to be IR
analyzed is optically delineated by an adjustable aperature at the image plane of
the objective, so no masking is needed at the sample itself to define the Tnalyzed
area. The useful IR range of the instrument is from about 4000 to 700 cm™* (2.5 to
14 micrometers). The IR monochromator is a variable interference filter. The
resolution is only about 1% of the wave number value over the IR range; however,
this should be adequate for many applications with coal because of the breadth of
most of the absorbances. The IR source is a Nerst Glower and the detector is a
liquid nitrogen cooled mercury cadmium telluride photodetector having high
sensitivity, The operation of the spectrometer is computer-controlled and the data,
which is stored digitally, can be automatically averaged and difference spectra can
be obtained.

Results

In this preliminary study, spectral characteristics of vitrinite and
exinite macerals in I1linois No. 6 coal were examined to evaluate the utility of
this new technique for microscopic IR analysis of coals. In Figure 1, a
photomicrograph of a thin section specimen consisting of a megaspore {a form of
liptinite) surrounded by relatively homogeneous vitrinite is shown. The thin
section was placed on a barium fluoride disk on the stage of the IR microscope. The
megaspore and a region of the vitrinite lying close to the megaspore on the same
specimen were analyzed with the IR microscope. The analyzed regions are indicated
by rectangles drawn on the photograph of the sample; they are each about 55 micro-
meters wide by 180 micrometers long. Spectra of the two regions were taken in air
at room temperature; they are compared in Figure 2. The spectra are displaced
vertically to avoid overlapping. The displayed spectra actually involve a reference
scan which was taken without the sample present but with all other conditions the
same. The subsequent sample spectra are automatically normalized with respect to
the reference spectrum. Each of the two sample spectra in Figure 2 are 2 minute
scans.
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A number of differences between the liptinite and vitrinite spectra are
apparent. Note that since the thicknesses of the liptinite and vitrinite regions
are the same and since scattering is minimal, these spectra can be directly compared
quantitatively on a per unit volume basis. Some of the more promineTt of the

differences are as follows. The broad hydroxyl peak around 3350 cm™ is much deeper
for the vitrinite. This probably is caused chiefly by a much larger number of
phenols in the vitrinite, but it may a]so indicate more water absorbed on the
vitrinite. Between 2800 and 2975 cm™! the liptinite shows a much stronger
absorption than the vitrinite. This indicates much more a]iphat{c hydrogen in -CH,
-CHz, AND -CH3 groups in the liptinite. Also, at about 2850 c¢cm™* the liptinite
shows a substantially larger pfak than the vitrinite on the side of the larger
absorption. At about 1600 cm™' the vitrinite peak is much larger than the liptinite
peak probably indicating much more aromatic character in the vitrinite. Conversely,
the CHp, CHy peak around 1440 cm™® is much more pronounced for the liptinite. The
spectra clearly contrast the more aromatic and hydroxyl-containing structure of the
vitrinite to the more aliphatic structure of the liptinite.

Mention should be Tade of some artifacts which appear in the spectra of
Figure 2. At about 2350 cm™' there is a peak caused by CO, in the air. (This peak
could be eliminated, if desired, by sealing the region_of %he beam pith and
maintaining a nitrogen atmosphere). At about 2250 em-1 and 1230 cm~! are peaks
caused by changes in the IR filters. Three filters are used to obtain the full
spectrum, and small peaks occur where the second and third_filters are brought into
use. Another arti{act is broad peaks seen around 2100 cm™* in the liptinite
spectrum, 1950 cm™ in the vitrinite spectrum and in some other areas. These peaks
are caused by interference fringes which arise from the IR radiation being
internally reflected from the top and bottom surfaces of the sample. The fringes
can be misleading if they are not correctly identified.

The applicability of this technique for "in situ” IR analysis during
chemical treatments and the ability to perform kinetic measurements was tested by
observing the effect of applying deuterated pyridine to a thin section of vitrinite
and then allowing it to dry. An area 40 X 180 micrometers was analyzed. First a
spectrum was taken of the untreated sample. Then the solvent was placed on the
sample and repetitive scans were made to monitor changes in the IR spectrum as the
deuterated pyridine evaporated. Figure 3 shows spectra of the untreated sample, the
sample wet with pyridine, and the sample after drying for about 20 minutes. For the
latter spectrum, peaks characteristic Yf deuterated pyridine are still prominent,
such as those at about 950 and 820 cm™*. Later scans showed no appreciable
lessening of the peaks. The retention of some of the pyridine is consistent with
the results of Collins et. al. (8).

Tests were made to determine the minimum area of analysis which could be
conveniently used with thin sections of coal in this technique. Figure 4 shows
spectra of regions of a tiny roughly 30 X 30 micrometer piece of vitrinite. One
spectrum was taken using a 21 X 21 micrometer analyzing area, and the other spectrum
was taken using a 20 X 30 micrometer analyzing area. Four minutes were used for
each scan. For this scan time, the smaller area gives quite a noisy spectrum, but
the 20 X 30 micrometer spectrum is much better. By using a longer scanning time or
by accumulating repetitive scans this spectrum could probably be made quite
respectable. The spectral region having the greatest problem in the analysis of
such very small areas is beyond 1000 cm™ where the sensitivity of the spectrometer
falls off. Subcomponents or macerals in the coal which are somewhat less than 25
micrometers across can probably be IR analyzed by using long data accumulation
times. Preferably such small subcomponents should be physically separated from the
surrounding material. Alternatively, the spectrum of a region including the
subcomponent as well as some of the surrounding material could be substracted (using
an appropriate normalization factor) from a spectrum only of the surrounding
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material in order to isolate the contribution of the subcomponent. Note, however,
that for subcomponent sizes near the wavelength of the IR radiation the possibility
of interference effects from the edges of the sample must be considered. Such
effects ought to be made apparent by comparing spectra from subcomponents having
different sizes or shapes.

Discussion

Infrared spectra of good quality have been obtained on uncontaminated
individual microscopic macerals and microscopic subregions in coal. This
development enables the infrared characterization of microsocpic individual
subcomponents of coals and other solid fossil fuels as opposed to obtaining
statistically averaged data on complex mixtures. In addition, variations in
functionalities over microscopic distances can be studied. The technique should
also be applicable for the analysis of virtually any chemical process or chemical
treatment of coal which causes changes in the IR spectrum and in which the area of
interest is identifiable after the treatment. For example, the initial chemical
functionality of an individual microscopic maceral or subregion can be determined
with the microspectrometer; the maceral can be reacted; and the effect of the
treatment on that same microscopic subregion can be determined.

In Figure 2 the IR spectrum of a subregion of vitrinite about 0.010 m? in
area is compared with the IR spectrum from an equal area which is within a single
megaspore. The two regions of analysis are on the same piece of thin section and
they are separated by only about 160 micrometers. The two minute scans of the 15
micrometer thick samples give excellent signal to noise. As described in the
results section, these spectra clearly contrast the more aromatic and hydroxyl-
containing structure of the vitrinite to the more aliphatic structure of the
megaspore. The ability to analyze closely lying regions having identical
preparation, equal areas being analyzed, and the same thickness, facilitates
quantitative comparisons of the regions. Thus, while these data are generally
consistent with the results of Bent and Brown (9) taken on maceral concentrates, the
present technique enables a more direct quantitative comparison of the spectra.

The spectra in Figure 3 demonstrate the "in situ" treatment of an
uncontaminated thin section of coal. One operational difficulty is the possibility
of movement of the sample during treatment which would make analysis of the same
microscopic region before and after treatment difficult. For example, application
of a drop of solution to the coal is likely to cause movement. Movement can be
avoided by securing the sample, but this may be difficult for small samples or it
may affect the sample. Alternatively, if the region under analysis is carefully
recorded, such as on a photograph, then during or after treatment the sample can be
accurately repositioned on the stage.

Figure 4 demonstrates that isolated samples of coal less than 30
micrometers across can be satisfactorily IR analyzed and that delineated regions of
a sample less than 25 micrometers across can be characterized by IR. Signal to
noise levels which are improved over those shown in Figure 4 can be obtained by
using longer data accumulation times. Alternatively, if better quality data is
required only for some small regions of the spectrum, then those regions alone can
be scanned to shorten the time needed to obtain an acceptable signal to noise
level. The ability to analyze small regions of a coal sample is important even for
a single maceral type such as vitrinite. For example, substantial variations occur
in the structure (10,11) and swellability (12) of different microscopic areas of
vitrinite from the same coal.

In the IR microscope the region of the sample being analyzed is delineated
by a variable aperature at the image plane of the objective. Therefore, no spacial
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restrictions are placed around or near the sample itself. Since the image of the
sample has been substantially magnified at this image plane, it is relatively easy
to accurately define even very small subregions of the sample for analysis with the
aperature. However, the geometrical region delineated by the variable aperature
which is observed visually is not nearly so well defined for the infrared radiation
because of diffraction effects. The spacial uncertainty is proportional to the
wavelength, so the resolution is considerably poorer near the long wavelength end of
the IR range. The divergence or angular spread of the IR beam passing through the
sample, which is determined by the numerical aperature, will further diminish the
spacial specificity of the delineated area. This, of course, becomes more of a
problem for thick samples. For analysis of a very small subregion in the coal, the
most unambiguous way to avoid contributions from contiguous material is to
physically remove the subcomponent from the surrounding material.

The 15 micrometer thickness for the I11inois No. 6 coal is quite
satisfactory since the percent transmissions of a number of the larger peaks are
below 40 percent, but without saturation. Also, at this thickness the thin sections
can be conveniently manipulated without fracturing. Using the described grinding
technique for preparation, samples containing any maceral types and even substantial
amounts of mineral matter can be prepared. A wide range of coals (with the possible
exception of very low or very ‘high ranks) can be handled by these techniques.

The interference peaks which occur in the spectra of Figure 2 can be
misleading when trying to interpret the spectra. These fringes occur when some of
the IR radiation reflects from the top and bottom surface of the sample and then
interferes with the unreflected beam. The fringes are particularly a problem where
the top and bottom surfaces are nearly parallel and where the thickness of the
sample is comparable to the wavelengths of the radiation such as for the thin
section specimens used in the technique described here. However, the intensity of
the interfering beam is not large since it is reflected twice and it passes through
the sample three times instead of once. Thus, as seen in Figure 2, the fringes are
most prominent in the spectral regions having low absorbance. The fringes can be
partially compensated for by determining their position and intensity in a low
absorbance region and then calculating and subtracting out their contribution to
other parts of the spectrum where their presence is less obvious. Alternatively,
tilting the sample, or using samples of different thicknesses and of higher
adsorbance can be used to identify the effects of the fringes on a spectrum so that
they can be compensated for.

Summary and Conclusions

Microscopic macerals and subregions in coal have been characterized by
infrared spectroscopy using a new technique. Individual macerals or subregions of
the coal as small as 25 micrometers across can be analyzed. The technique utilizes
new procedures for preparing uncontaminated thin sections of coal in combination
with a recently available microscopic IR spectrometer.

Because the thin section specimens are not contaminated with adhesives or
embedding materials, and because the samples are readily accessible on the stage of
the IR microscope, this technique is well suited for "in situ" treatments of the
coal. Alternatively, since the 15 micrometer thick specimens of coal can ordinarily
be handled and transported without damage (if proper care is taken), an untreated
sample can be initially analyzed, then it can be removed from the instrument for
chemical or thermal treatment, and finally, the same specimen can be returned to the
microspectrometer for determination of the changes in the IR spectrum. The analysis
of the same spectrum before and after treatment is highly desirable for micro-
heterogeneous substances such as coal.
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The microscopic IR spectroscopy technique described here differs from and
complements prior IR work on maceral concentrates in being able to spacially
delineate an individual subcomponent being IR analyzed and to characterize it
visually in the context of its surroundings.

Preliminary IR measurements on microscopic subregions of individual
macerals of homogeneous-appearing vitrinite and of megaspores in I11inois No. 6 coal
clearly demonstrate quantitative as well as qualitative chemical differences between
these macerals. This work demonstrates that good quality IR spectra of microscopic
subregions of coal can be obtained.
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Fig. 1. Thin Section Sample of Illinois No. 6
Coal Containing Regions of Vitrinite and
Liptinite
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Fig. 2. 1IR Spectra of Microscopic Regions of Vitrinite
and Liptinite in the Same Thin Section Sample of
Illinois No. 6 Coal
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Fig. 3. IR Spectra of a Microscopic Region of
Vitrinite in a Thin Section of Illinois No. 6 Coal
Top --=--- Untreated Sample

Middle -- Liquid Deuterated Pyridine on the Sample
Bottom -- After Pyridine has Evaporated
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Fig. 4. IR Spectra of a Thin Section Sample of
Illinois No. 6 Coal having an Area of 30pmX30um
Top ===-- Delineated Area is 21ymX2lgm
Bottom -- Delineated Area is 20amX30um
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